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A b stract
Results are presented for measurements of the photodisintegation of 4Heusing tagged 
photons in the energy range 80-131 MeV. In this energy region, the dominant pho­
ton absorption process is thought to be the quasideuteron mechanism of Levinger[l]. 
The data are compared with the predictions of this model and with phase space cal­
culations. Considerable agreement with the quasi-deuteron model is demonstrated. 
Two detector arrays were used in this measurement, one for the detection and iden­
tification of protons, and the other for the detection and identification of protons 
and neutrons. This allows separation of the 4He (7 ,pn) events from 4He (7,pp) 
events. Furthermore, the energy resolution is sufficiently good to enable separation 
of the 4He (7 ,pn)d and 4He (7 ,pn)pn decay channels, on the basis of their differing 
missing energies.
The experiment, at the 180 MeV CW electron microtron MAMI-A [2], was 
performed using the Glasgow tagged photon spectrometer [3] at the University of 
Mainz Institut fur Kernphysik. Protons were detected in a large solid angle (0.9 
sr) position sensitive plastic scintillator telescope [4], having an energy resolution 
of 5% and an angular resolution of 3°. The correlated neutrons were detected on 
the opposite side of the target by a time-of-flight array of 24 scintillator detectors 
[5] placed 3 metres from the target with an energy resolution of 6 MeV, each sub­
tending an angle of 4°. The vertical angular resolution was 0.6°. A cryogenic liquid 
helium target was used, with a thickness of 2.573 X 1024 nuclei/cm2. No previous 
measurement has been carried out with such good photon energy resolution.
Cross-sections are presented for the (7 ,pn)d and (7 ,pn)pn channels. The gen­
eral features of the data are a high <r[4He (7 ,pn)d] /  <r[4He (7 ,pn)pn] cross-section 
ratio, and a significant degree of angular correlation of the p-n pair in the (7 ,pn)
channel. The recoil momentum distribution is also examined, as this is sensitive to 
the photon reaction mechanism. The missing energy and recoil momentum spectra 
give good agreement with predictions from the quasi-deuteron model for the (7 ,pn)d 
case. In the (7,pp) case, missing energy and recoil momentum have also been inves­
tigated, however the distributions from this reaction are not in agreement with the 
quasideuteron model.
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Chapter 1 
Introduction
1.1 T h e N u cleu s
One of the principal objectives of nuclear physics is to understand the structure and 
the dynamics of complex systems comprising of strongly interacting hadrons. The 
study of such systems has led to a picture of nuclei being composed of nucleons, and 
mesons which are exchanged between them. The mesons, being massive particles, 
constitute a force of finite range, which is of the order of a few fin. This mesonic force 
between baryons is known to be attractive at average internucleon distances, but 
strongly repulsive for distances of less than ~0.5 fin. At relatively large distances, 
the interaction between nucleons is normally best described by the exchange of a 
single virtual pion. This virtual meson may transfer both quantum numbers and mo­
mentum between nucleons and may lead to the formation of (virtual) A-resonances. 
At smaller separations, on the other hand, the strong force is less well understood, 
but to a remarkably good approximation the interaction between p-n pairs at short 
range appears to be similar to the force between the nucleons within a deuteron.
At short internucleon distances, the basic hadronic structure is thought to come 
into play, therefore it is more natural to think of nucleon-nucleon interactions as
1
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interactions between their six constituent quarks. Indeed there is tentative evidence 
of long-lived resonant six quark structures called dibaryon resonances. However the 
theoretical justification for such narrow structures is lacking and the interaction of 
nucleons at short distances is one of the least understood areas in the whole of 
nuclear physics.
The nucleus, being in general a many body system, does not readily lend 
itself to simple exact descriptions. The current state of nuclear theory therefore 
requires model descriptions which are inherently inexact, where the optimum model 
for description depends largely upon the nuclear reaction and on the nucleus under 
study. I shall now describe one such model which has had some degree of success in 
the field of photonuclear reactions, with which the present work is concerned.
The Q uasi-Deuteron D escription
The simplest stable configuration of nucleons is the deuteron. This structure is 
the easiest to understand fully because it is within this nucleus that the mutual 
interaction between two baryons alone may be studied in isolation from any other 
strongly interacting bodies. The deuteron system is studied experimentally, and the 
results compared with those on heavier nuclei in order to learn how the N-N force 
is altered by surrounding nucleons.
A first step to understanding heavier nuclei might be obtained by extending 
the N-N force in the deuteron to act between all possible N-N pairs in the nucleus, 
where it is assumed that the force between an N-N pair is in essence unaltered by the 
presence of other nucleons. The quasi-deuteron (QD) model of photon absorption 
assumes that the photon is absorbed on p-n pairs which are in mutual proximity. It 
is assumed that the force between the proton and the neutron is in essence similar
CHAPTER 1. INTRODUCTION 3
to the force in the real deuteron. The surrounding nucleons mainly serve to do no 
more than enhance the overall interaction cross-section.
At a more fundamental level, photonuclear reactions at intermediate pho­
ton energies are thought to be sensitive to the details of the short range cor­
relations, which the quasideuteron model attem pts to account for in this semi- 
phenomenological way by relating the photon absorption cross-section to the cross-section 
for the photodisintegration of deuterium. Quasi-deuteron models constructed in this 
way have been reasonably successful in explaining electronuclear, photonuclear and 
pion-nuclear reaction cross-sections.
The success of the quasideuteron picture is somewhat surprising given that 
a quasideuteron inside a nucleus is by no means an isolated system and may have 
interactions with other nucleons. For instance, the quasideuterons consist of nucle­
ons of different quantum numbers, and each nucleon-nucleon pair must separately 
observe the Pauli exclusion principle. The nucleons follow shell model “orbits” de­
termined by the nucleon quantum numbers and it is only where the nucleons are 
in mutual proximity that quasideuteron interactions are likely to take place. The 
deuterium nucleus itself has a low density compared to other light nuclei, a factor 
which leads to an enhancement of the quasideuteron cross-section in heavier nuclei 
when compared with the cross-section of the real deuteron.
Another way in which the N-N interaction differs from that in deuterium is 
that three-nucleon interactions are possible, where three nucleons are in relative 
proximity. Such three-nucleon contributions to experimental cross-sections cannot 
be described by a quasideuteron mechanism and would require quasi-3He or quasi- 
3H models. The magnitudes of some of the effects due to 3-body forces have been 
estimated in reference [6]. The magnitude of these effects may be observed by
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looking at reactions under kinematic conditions where the effects of the 2-body force 
are suppressed. One such reaction is the 3He (7 ,pp)n reaction, which is discussed in 
detail in reference [7].
For photonuclear reactions at intermediate energies, the quasideuteron model 
seems to be the most successful way of describing the photon interaction within 
nuclei for A  > 4. It remains to be seen if such a description is appropriate for 4He, 
and it is hoped that the present measurement will help to clarify this.
The remainder of this chapter will be devoted to a general overview of existing 
experimental and theoretical work. In chapter 2 I shall develop the theoretical 
aspects of this work in more detail. Chapter 3 contains a description of the apparatus 
which was used during the measurement. Chapter 4 discusses the analysis of the 
experimental data which was obtained, and chapter 5 presents the experimental 
results. Finally chapter 6 contains pertinent comments and concluding remarks on 
the results.
1.2 N u clear P rob es
In experimental physics, the internal structure of the nucleus may be examined 
using either high energy hadronic probes or electromagnetic probes. Both of these 
are limited in the aspects of the nucleus which they can be used to explore.
A strongly interacting probe, such as a proton or a pion, has a short mean 
free path in the target nucleus. Reactions with strong probes therefore have high 
cross-sections but are only useful in exploring the surface of the nucleus. Being a 
strong interaction, the resultant perturbation suffered by the nucleus is large, there­
fore little information about the initial nuclear state may be derived. In addition,
CHAPTER 1. INTRODUCTION 5
the information which is derived is limited by the fact that the interaction at the 
fundamental level is not fully understood.
In contrast, the fundamental electromagnetic interaction is well understood, 
allowing a theoretical understanding of the reaction under study. Electrons and 
photons interact with a much lower coupling strength than strongly interacting 
probes, so that the perturbation to the nucleus is small. This allows one to probe the 
complete volume of the nucleus, in its ground state, thereby obtaining information on 
the distribution of currents and charges within the nucleus and allowing parameters 
such as rms charge radii to be evaluated. The nuclear charges are carried both 
by baryons, such as protons and virtual delta resonances, and by virtual exchange 
mesons. The electron interacts with charges and currents through virtual photons, 
which have both transverse and longitudinal components and in an electron beam 
experiment the effects of these two components may be observed separately through 
the use of a Rosenbluth separation.
Real photons, on the other hand, possess only a transverse component and 
due to their zero rest mass impart to the nucleus a substantial quantity of energy 
accompanied by relatively little momentum. This latter property renders the photon 
especially sensitive to certain aspects of the nuclear wavefunction as described below: 
If a photon is to be completely absorbed by a nucleon, the nucleon must have either 
a high initial momentum or the photon’s energy and momentum must be shared 
between more than one nucleon. The former situation, discussed in section 2.1, is 
thought to be observed in the (7,p) reaction for relatively high mismatch momenta 
between the incoming photon and the ejected proton. In the latter situation, the 
photon interacts either directly or indirectly with a charged exchange meson, and 
often leads to the ejection of correlated N-N pairs. Both of these properties will be
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discussed in chapter 2.
However, the photon has two distinct disadvantages as a probe:-
1. It has previously proved difficult to produce photon beams of known energy 
and intensity.
2. Photonuclear cross-sections are generally low, requiring long measurement 
times to give reasonable statistical accuracy.
The first of these disadvantages is overcome in the present experiment by us­
ing a technique called photon tagging. This technique offers high photon energy 
resolution combined with good cross-section normalisation. For photon flux mea­
surements, the photon tagging method is self-normalising, requiring only an overall 
correction for the efficiency with which photons can be tagged. The experiment 
will enable observation of the dependence of reaction cross-sections for each chan­
nel, on the photon energy, where the photon energy is determined to a previously 
unequalled precision.
Tagged photon experiments do however have some difficulties. Coincidence 
experiments are generally very susceptible to background radiation. The beam in­
tensity is limited by the rate at which the apparatus is capable of detecting and mo­
mentum analysing individual photons and the ratio of real to random coincidences 
must be kept to within acceptable bounds. The tagged photon beam intensity must 
be weak, in this case, less than 3 x l0 7 photons per second. This, coupled with the 
fact that photonuclear cross-sections are generally low, implies that experiments of 
this nature require a considerable quantity of beam time. It is necessary to have a 
beam duty-cycle close to 100% in order to produce a feasible experiment with a low 
random coincidence rate. It is only recently that it has become possible to produce
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such high duty-factor electron beams.
1.3 T h e 4H e N u cleu s
4He has an extremely high density compared with other light nuclei. It has a 
charge rms radius [8], r, of 1.68 fin, which is considerably smaller than that of the 
2H nucleus, of 2.10 fin. For a spherical nucleus of nucleon number A, the nucleon 
m atter density, p, is given by
The nucleon density for 4He is therefore 0.20 nucleons/fin3. The fact that 4He is of 
such high density indicates that nucleonic correlations are likely to be very impor­
tant. A 100 MeV photon interacting with such a correlated nucleon cluster would be 
most likely to share its energy between the nucleons concerned, giving little energy 
to the remaining spectator nucleon(s). It is therefore possible, by observing how 
many nucleons are released with substantial energy, to deduce whether a 2-N or 
3-N correlation is involved. Both types of correlations are likely to contribute sig­
nificantly to the photonuclear cross-section, as 4He has four distinct p-n pairs, and 
four distinct sets of 3 nucleons. A 2-N correlation would be expected to lead to two 
nucleons of high kinetic energy and two nucleons of lower kinetic energy. The two 
non-participating nucleons would be expected to retain their initial Fermi momen­
tum , and the trajectories of the participating nucleons would be in roughly opposite 
directions. For the case of a 3-nucleon correlation, no such correlation in direction 
would be expected and such 3-N correlations would probably be characterised by 
high double arm missing energies, described in appendix A.2. Therefore by examin­
ing the directions and energies of the ejected nuclei, the relative contributions due 
to both types of correlations may be deduced.
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Due to the weak coupling of the photon, initial state interactions can be ne­
glected in photonuclear reactions, however the effects of final state interactions (FSI) 
should be considered. FSI can have an effect on the energies, distributions and num­
bers of decay particles. They are also important for heavy nuclei, where absorption 
of outgoing nucleons and the slight ‘refraction’ of nucleons as they leave the nuclear 
‘surface’ (thereby partly washing out angular correlations) both have an effect on 
the results. The treatment of both of these phenomena are discussed in Gottfried’s 
paper [9].
The two effects mentioned, however, are not likely to be important in very 
light nuclei such as 4He, but for quasideuteron photon interactions, FSI between the 
relatively slow-moving ‘spectator’ nucleons is more likely to be significant. FSI may 
well produce an angular correlation between these nucleons leading to binding of 
the p-n pair, thereby enhancing the (7 ,pn)d yield relative to the (7 ,pn)pn yield. In 
contrast, FSI involving the fast p-n pair should be relatively unimportant in light 
nuclei and such effects have therefore been neglected in the present analysis. In the 
12C(7 ,pn) reaction it has been shown that at similar energies [10], the attenuation 
of the outgoing nucleons is less than 20% and it is likely that a smaller nucleus such 
as 4He will be even less affected by such FSI.
The (7,pp) strength is experimentally known to be much less than the (7 ,pn) 
strength (less than 1% of (7 ,pn) in the 3He case [11],[12]) and it is therefore likely 
that effects much weaker than the quasideuteron effect may dominate (7,pp) con­
tributions. Direct absorption by a p-p pair is strongly suppressed in the case of 
real photons since absorption requires coupling to the quadrupole moment of the 
p-p pair. However final state interactions following a (7 ,pn) reaction and 3-body 
interactions may contribute to the (7,pp) channel.
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Figure 1.1: (7,pp) Strength Arising From Final State Interactions
These last two effects can be distinguished to some extent, since three-body 
effects will not produce p-p angular correlations, whereas in the case of photon ab­
sorption on a p-n pair followed by FSI, the angular correlations are not expected to 
be totally washed out. It is likely that these two effects will dominate the (7,pp) 
cross-section since direct absorption on p-p pairs is expected to be very weak indeed. 
If a 2-nucleon correlation picture is assumed, the (7,pp) contribution should have 
little strength in the absence of FSI. On the other hand, if 3-N absorption is signifi­
cant, this could lead to enhancement of the (7,pp) strength. Thus this channel may 
provide some indication as to the significance of 3-N correlations.
4He clearly presents a considerable challenge to experimental measurement, as 
we shall see later, but its investigation is rewarding. Being a relatively simple nucleus 
it is a good testing ground for nuclear models. In addition to this, the number of 
possible distinct final states is small owing to the small number of nucleons. It 
is possible, by measuring the excitation energy of the residual state, to identify 
individual reaction channels. The breakup channels may be written explicitly in the
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following list:
• Two-body breakup:
1. (7,p) 3H, Q-value =  19.3 MeV, which may be identified by observing the 
single arm missing energy as described in appendix A. This decay mode 
is studied in detail in ref. [13]. As shown in appendix A, data from this 
channel are used for energy calibrations of the experimental apparatus.
2. (7 ,n) 3He, Q-value =  20.6 MeV, this channel is not seen by the present 
measurement owing to the detector configuration used.
3. (7 ,d)d, Q-value =  22.9 MeV, this channel would be expected to have a 
low cross-section, and may be observed by examining the (7 ,d) missing 
energy, however data on this channel have not been analysed.
• Three-body breakup: (7 ,npd), which may be seen as the (7 ,pn)d, (7 ,pd)n or 
(7 ,d)pn channels. The Q-value for this reaction is 26.1 MeV. Data from the 
(7 ,pn)d channel are reported here.
• Four-body breakup: (7 ,npnp), which is observed through both the (7 ,pp)nn 
and the (7 ,pn)pn channels. The Q-value for this reaction is 28.3 MeV.
Of these final state particles, only 3He or 3H may have excited states. This compares 
favourably with the situation for heavy nuclei, where the number of possible final 
states is large.
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1.4 G eneral C onsiderations
1.4.1 P hoton  Absorption
When a photon interacts with the nucleus, the photon may interact in any one of 
the following ways:-
1. Single nucleon knockout: The photon may couple to the charge of a single 
proton, which may subsequently be ejected with the residual nucleus recoiling 
to balance momentum. From energy-momentum conservation laws, the proton 
absorbs almost all of the energy available, but may only do this if it has a large 
initial momentum.
2. Two-nucleon absorption: If two nucleons are in proximity at the time of inter­
action, one or both of the nucleons or a meson exchanged between them may 
initially absorb the photon. The nucleons can absorb the photon’s energy and 
still conserve energy and momentum if the nucleons leave more or less back 
to back. This mechanism would be favoured over single nucleon knockout for 
high photon energies.
3. Three-nucleon absorption: Three nucleons may exist in proximity giving ad­
ditional scope for nucleons being ejected with high relative momenta. Such 
correlations have been thought improbable by some theorists, but are possibly 
less so in such a high density nucleus. As already discussed, there is certainly 
evidence that 3-N absorption is significant in particular parts of the final state 
phase space.
Previous theoretical work suggests [14, 15] that of these three processes, two- 
nucleon absorption is the most significant for intermediate energies for 4He, since the
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emission of N-N pairs dominates. This would imply that the 2-N absorption model 
should account for most of the cross-section present. However, it remains to be seen 
whether or not the quasi-deuteron model is ideally suited to 4H e. Because the recoil 
nucleus would have a significant kinetic energy in a reaction, the recoil nucleus is 
not acting as a passive spectator as it would for heavier nuclei. In particular, the 
momentum distribution of the residual nucleus may not be the same as the average 
distribution in the 4He ground state.
1.4.2 Single Particle W avefunctions
Some of the simplest models to explain the motions of nucleons within the nucleus are 
those in which the strong interactions between individual nucleons are averaged, so 
that a given nucleon is considered to move in a specific effective potential well. Such 
models are known as independent particle models, and in these models the nuclear 
wavefunction is directly related to the single nucleon wavefunctions. By virtue of 
the Pauli exclusion principle, this nuclear wavefunction must be antisymmetric, and 
therefore takes the form of a Slater determinant.
VA!
^ a l ( l )  ^ a l ( 2 )  . . .  ^ a l ( A )  
<^*2(1) ^ 2(2) ... ^a2(A)
^ o a (  1) ^ > a A ( 2 )  - .  ^aA(A)
The single particle wavefunctions each satisfy the Schrodinger equation for their 
designated effective potential well, V ,
( ~ £ v 2 + v ( r }  ~ * - ) M r ) = 0
where the ea are the energies of the nucleon states, where 1 <  a < A.
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1.4.3 T he Shell M odel
This picture of single nucleons moving independently from one another has led to 
the shell model picture, where the nucleon hamiltonian is generally expressed in the 
form
H  = T  + V(r)  + ri (S-L)
where T is the nucleon kinetic energy, V(r)  is the nucleon potential energy at a 
distance r from the nuclear centre and S • L describes the spin-orbit coupling. This 
potential well is often approximated to a simple harmonic oscillator well, whose 
dimensions are adjusted to fit the nuclear rms charge radius which is derived from 
electron scattering data.
More realistic potentials such as the Woods-Saxon potential may be used to 
calculate nucleon wavefunctions [16]. This potential well shape is based on the shape 
of the nuclear density distribution. It is assumed that because the nuclear density is 
relatively uniform except at the edges, the force is of finite range. Because the force 
is of limited range, nucleons will generally interact only with near neighbours. Thus 
the potential well will be flat, except at the edges of the nucleus. This potential is 
constructed to allow for the force having finite range and takes the form
V(r)  = ------- —--------
U  l  +  e x p ( ^ )
which is closely related to the nucleon density. This model differs from the harmonic 
oscillator wavefunction in that the tails of the wavefunctions differ considerably. The 
wavefunctions may be more spread out in the Saxon-Woods case. This model has 
been successful for closed shell nuclei [16] but still contains the inherent limitations 
of independent single particle models which are discussed below. Wavefunctions 
calculated numerically from this potential are reasonably successful in describing
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the nucleus [16]. However, the independent particle shell model cannot explain 
(7 jP) experimental results without including short range residual interactions [17].
1.4.4 N ucleon Pair Correlations
Single particle wavefunction models have a limited degree of success in describing 
photo-nucleax reactions. In particular they fail to predict properly the highest mis­
match momentum components for (7,p) reactions. Agreement may be improved 
by including a factor to account for the interactions between individual pairs of 
nucleons at close range. Such nucleon pair correlations modify the single particle 
wavefunctions at short range. In this situation, a second nucleon also takes part 
albeit indirectly in the interaction. This second nucleon may transfer momentum 
to the interacting proton, but without this nucleon changing state. Alternatively 
both nucleons may take energy and momentum from the interaction, leading to the 
emission of N-N pairs. The total cross-section of the two nucleon photo-emission 
is shown to be directly related to the Fourier transform of the nuclear correlation 
function [18]. Such 2-nucleon absorption models will be described in detail in chap­
ter 2. In the case of the second nucleon being a neutron, this model is called the 
quasideuteron model, which is explained in more detail in section 2.2.
The quasideuteron picture has been successful in describing photonuclear re­
actions on nuclei heavier than 4He, such as 12C [19], 6Li[20] and 160  [21]. This fact 
would suggest that the quasideuteron model may be appropriate also for 4He. 4He 
however has some significant differences from other light nuclei.
• 4Heis of much higher density, a fact that favours both 2-N and 3-N correlations.
• Since it is a small nucleus, the protons and neutrons will tend to have high 
initial momenta.
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• Being a light nucleus, the recoil particles will be of high velocity to balance 
the momenta of the beam photon and the ejected nucleons.
Thus, although the quasi-deuteron picture may well be successful for many light 
nuclei with low nucleon densities, it very much remains to be seen how best the 
photonuclear reaction on 4He can be described. The dominant reaction mechanism 
may be different for each reaction channel and in the (7,pp) case, the reaction 
may arise from a number of different mechanisms: photoabsorption on p-p pairs, 
photoabsorption on 3-N clusters and p-n absorption followed by a FSI on the neutron. 
Indeed experiments at energies below the real pion threshold show larger (7,pp) 
cross-sections than expected, and this may indeed be due in part to FSI’s feeding off 
the dominant p-n absorption mechanism. The (7,pp) channel is in some ways more 
interesting than (7 ,pn) since it is expected to show a stronger dependence on short 
range correlations than (7 ,pn) [22]
3-N correlations are thought to play only a minor role in most nuclei, as photo- 
nuclear reactions mainly lead to the ejection of pairs of nucleons through interacting 
with their electric dipole moment. Such 3-N correlations are also difficult to include 
in reaction models, since data on A — 3 nuclei are scarce.
2-N and 3-N models have many uncertainties and a considerable amount of 
work has been devoted to exact theoretical treatments on the very lightest nuclei. 
Full microscopic analyses of nuclear systems only exist for the very lightest nuclei. 
Recent calculations by Laget [23] [7] for the 3He case, using (exact) three body 
wavefunctions permit a complete microscopic description of the reaction, including 
final state interactions. However no such exact treatment exists for 4He as yet, and 
therefore a more phenomenological model description must be applied.
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1.5 R ev iew  o f  P ast W ork
1.5.1 E xperim ental Techniques
In the held of photonuclear research, where a beam of photons has been used to 
initiate the disintegration of target nuclei, there have been two major obstacles 
which have beset experiments.
1. Photonuclear reactions, being electromagnetic in nature, tend to have low 
cross-sections.
2. It is difficult to produce a beam of monochromatic photons.
These problems have tended to compound one another, but have recently been 
addressed through the development of a number of techniques, listed below.
The Photon  Difference M ethod
In the photon difference method, the measurement is carried out twice using brem- 
sstrahlung from electron beams of slightly different energies. The data corresponding 
to the lower beam energy are appropriately normalised and subtracted from the data 
for higher beam energy. Unfortunately the subtraction is imperfect since it always 
includes a small “tail” of lower energy photons, leading to ambiguities in the data 
analysis. One of the major problems with this technique, therefore, is that it is dif­
ficult to observe precisely the photon energy dependence of the cross-section. This 
has meant that earlier data, which was largely dependent on this technique, was 
much less reliable than it might have been hoped. In addition, the analysis involved 
essentially calculating the difference between two large but similar numbers in order
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to obtain the relatively much smaller magnitude of the bremsstrahlung difference 
peak.
Positron Annihilation
A similar technique utilises the process of positron annihilation, which exploits the 
charge independence of bremsstrahlung in the following way. The experiment uses 
the photons resulting from positrons interacting with a low-Z material such as beryl­
lium [24] to produce bremsstrahlung plus a peak corresponding to e+, e~ annihilation 
giving two photons whose average energy is determined by the initial positron beam 
energy. The measurement is repeated with an electron beam to produce the brem­
sstrahlung tail alone, and this dataset is subtracted from the positron dataset. The 
result is effectively a broad peak of photons of roughly the same energy. Positron 
annihilation-in-flight can also be used in conjunction with photon tagging when a 
beam of positrons interacts with a low-Z material. The annihilation process pro­
duces two photons. The energy, time and angle of one of the two photons (the 
photon of lower energy in the lab frame) is measured in order to tag the energy of 
the other photon, which interacts with the nuclear target.
Laser Backscattering
A further method that is used is that of laser backscattering, using inverse comp- 
ton scattering from a powerful laser beam. The photon beam resulting is fairly 
monochromatic, but very low in intensity. In the case of the experimental facility 
LEGS, the recoil electrons are detected in a tagging spectrometer and backscattered 
tagged photon beam rates of 1.3 xlO7 per second have been achieved.
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The Present M ethod o f Photon Tagging
The present work avoids many of the previous difficulties which have been encoun­
tered in the past, since it uses the long known but only recently exploited tagged 
photon technique. This yields a useful beam flux, gives a good measure of beam 
intensity (~ 2 x l0 7), and wholly dispenses with the problem of monochromaticity. 
This technique uses a CW electron beam of precisely determined energy, which in­
teracts with a thin sheet of material to produce bremsstrahlung. The emerging 
electrons are momentum analysed for each event. From the energy losses suffered 
by the electrons, the energies of the bremsstrahlung photons may be deduced. In 
the present measurement, a photon energy resolution of 0.5 MeV is achieved. This 
compares favourably with the energy resolutions for detection of the reaction prod­
ucts, these being typically ~3-5 MeV. In addition, the design of the tagger allows 
measurements over a broad photon energy range, which should enable the photon 
energy dependence of the reaction yield to be much more accurately determined 
than was previously possible.
1.5.2 Previous R eaction  M easurem ents
This section reports on previous experimental work which has been undertaken to 
gain a better understanding of the nucleus, and in particular, nucleonic correla­
tions. The complementary theoretical developments which have arisen from these 
experiments are described in chapter 2.
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Proton  Capture
In the past it has been widely thought that the (p/y) reaction was more practicable 
for studying the nucleus than photonuclear reactions. This reaction avoided the 
complications of achieving a monochromatic photon beam and therefore could be 
carried out with greater precision. Through the principle of detailed balance, reac­
tions leaving the residual nucleus in its ground state could measure the same matrix 
elements as the (7,p) reaction. Reactions leaving the residual nucleus in an excited 
state could moreover measure matrix elements inaccessible to (7,p) reactions. How­
ever the problems of obtaining effective monochromatic photon beams have been 
overcome and photonuclear reactions now offer a more versatile method of probing 
the nucleus than (p,7) reactions which are restricted to a single proton energy.
Pion Induced R eactions
Pion induced reactions are similar in many ways to photon induced reactions, and 
it is to be expected that some of the features which characterise pion reactions will 
also be important in photoreactions. The pion, being of small mass compared to 
the nucleon (~140 MeV/c2) can supply a large quantity of energy accompanied by 
almost no momentum. This makes the pion in theory suited to the study of N- 
N correlations. Data on 7r“ absorption on 6Li show that 70 % of the absorption 
cross-section proceeds by the emission of n-n pairs [26], and both the (7r+,pp) and 
(7r“ ,nn) reactions show significant angular correlations. In the case of 4He^  Steinacher 
et.al. [27] studied charged pion absorption in the energy range 65-165 MeV. The 
(tt,NN) results were consistent with an N-N pair absorption mechanism. In the 
particular case of the (7r+,pp)pn reaction, results were consistent with absorption 
on a p-n pair involving a A-N intermediate state and the shapes of the angular
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distributions were in very good agreement with absorption on a quasideuteron.
The evidence for absorption on 3-N clusters in which only one nucleon acts as 
spectator has also been established in a separate study [28]. The evidence suggests 
that total cross-sections cannot be explained without including significant absorption 
on 3-N clusters.
However at the most fundamental level, the interaction beteen pions and nucle­
ons is less well understood than the electromagnetic interaction between photons and 
nucleons or meson exchange currents and it appears difficult to distinguish between 
7T-N interactions and N-N interactions. In addition, the study of pion absorption on 
N-N pairs or clusters is complicated by initial state interactions which in contrast, 
are absent in photonuclear reactions, with which the present work is concerned.
Photonuclear Experim ents
As discussed above, experiments involving the absorption of protons or pions yield 
useful information about the nucleus, and in the latter case, are useful in the study 
of nucleonic correlations. However both reactions are significantly affected by initial 
state interactions. The present work, however, uses a photon beam to probe the 
nucleus, and initial state interactions can therefore be safely neglected. Much ex­
perimental work has been carried out in photonuclear reactions, and the remainder 
of this section is devoted to describing experimental evidence in this field.
Experimental work at intermediate energies has shown [29, 30, 31, 32, 33, 34] 
that photonuclear reactions yield predominantly correlated proton-neutron (p-n) 
pairs. The p-n pairs depart from the nucleus almost back to back, suggesting that 
the photon interacts with the pair, which has a separation of less than ~ lfm , leaving 
the remainder of the nucleus largely undisturbed. Furthermore, at these photon
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energies, it is likely that the initial separation distance is small, with the p-n pair 
perhaps exchanging charged virtual mesons. Therefore a study of the (7 ,pn) reaction 
should help in understanding p-n pair correlations.
Levinger in 1951 [1] was the first to propose that the photodisintegration of 
complex nuclei by photons more energetic than those in the giant dipole resonance 
region proceeded by the absorption of the photon on a proton-neutron pair known 
as a quasideuteron. Early work on photoprotons [35, 36] ejected by photons in the 
100-300 MeV region suggested such a mechanism qualitatively but quantitative proof 
was lacking. Correlated pairs were observed [37, 38, 29] but this work did not reveal 
the degree to which photoprotons were accompanied by photoneutrons. Barton and 
Smith [31] tried to test quantitatively the Levinger model on helium and lithium 
using 280 MeV bremsstrahlung detecting protons and neutrons in the energy range 
50-150 MeV using scintillator detectors and concluded that nearly all high energy 
photodisintegrations leading to the emission of a high energy proton proceed by the 
interaction of a photon with a proton-neutron pair.
Reid and Lalovic [39] studied photonuclear reactions on 4He and observed 24 
events in an expansion cloud chamber experiment with a 330 MeV synchrotron beam 
and concluded that these events were due to the 4He (7 ,pd)n and 4He (7 ,pp)nn 
reactions. However this experiment was limited by the fact that only protons of 
energy above 80 MeV were recorded. Investigations of the neutron angles showed 
that for a given proton angle, the neutron angular distribution was spread around 
the unique direction in which neutrons would have been emitted had the experiment 
been carried out on deuterium. This gives further credence to the picture of a quasi­
deuteron moving within the nucleus, interacting with the photon while the rest of 
the nucleus acts largely as a spectator.
CHAPTER 1. INTRODUCTION 22
Gorbunov and Spiridonov [40],[41] studied the 3- and 4-body breakup of 4He 
using a cloud chamber with a bremsstrahlung beam of 170 MeV. They analysed 
91 4He (7 ,pd)n events to obtain cross-sections, angular distributions and correla­
tions for the 4He (7 ,pd)n channel. They noted that the proton and neutron angular 
distributions for (7 ,pn) were very similar to those for deuterium. The reaction 
cross-section showed a resonance peak of ~170/zb at 50 MeV falling to <~40/xb above 
100 MeV. For photon energies below 75 MeV the cross-sections for 3- and 4-body 
breakup channels was reported as less than 1 0 % of the total cross-section, but for the 
75-170 MeV range, these channels contributed about 30% of the total. Through ob­
serving angular distributions they concluded that the (7 ,pn) reaction proceeded via 
a quasideuteron mechanism, whereas the 2 -body breakup reactions were attributed 
to single nucleon knockout. For the 4He (7 ,pp)nn channel, the cross-section was 
found to be relatively constant for photon energies above ~35 MeV. They con­
cluded that the reaction proceeded via photon absorption on 2  correlated nucleons. 
However (7 ,p)t and (7 ,3He ) were characterised by single nucleon knockout. The 
total integrated cross-section for photoabsorption in the energy range studied was 
found to be ~95 MeVmb which was in good agreement with the sum rule calcula­
tions for electric dipole absorption by Rustgi and Levinger [42] which predicted a 
figure of 89 MeVmb.
Arkatov et.al. [43] carried out a similar experiment with 120 MeV bremsstrah­
lung. In this experiment 2320 events were analysed, a significant improvement 
on previous experiments. They obtained a slightly higher 4He (7 ,pd)n/(7 ,pp)nn 
cross-section ratio which was probably due to difficulties in separating the contribu­
tions from the two breakup modes.
Balestra et.al. [44, 45] used a diffusion cloud chamber with a 100 MeV syn­
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chrotron beam to study the photodisintegration of 4He. They discovered that the 
3- and 4-body breakup cross-sections were a factor of ~10 lower than the 2-body 
breakup contribution. By observing the angular distribution and the energies of the 
emitted particles they concluded that for photon energies of less than ~60 MeV the 
main mechanism for the 3-body breakup mode was absorption on N-N pairs. The 4- 
body breakup showed a large angle on average between the two protons, suggesting a 
direct reaction mechanism. They proposed that the photon was effectively absorbed 
on one quasideuteron, correlated to a second quasideuteron, both of which then dis­
integrated. The cross-sections measured for 50-70 MeV were 120/xb for 3-body and 
~70/d) for 4-body breakup.
The 4He (7 ,ppn)n channel has been studied more recently in the A-resonance 
region by Emura et.al. [46, 47] using tagged photons in the range 135-455 MeV. 
The cross-sections were observed to rise from negligible at the lowest photon energies 
up to ~45 fih for the higher energies. The momentum distribution of the detected 
nucleons at photon energies close to the A-resonance could not be described ade­
quately by quasideuteron absorption of the photon. The data at these energies in 
fact favoured absorption on p-p pairs or on p-p-n clusters.
Sum m ing up
For the energies with which the present work is concerned, single nucleon knockout 
reactions are expected to be strongly suppressed, as such a reaction requires the 
initial nucleon momentum to be very high for complete photon absorption. Photon 
rescattering would in theory permit single nucleons to absorb more of the photon en­
ergy, but such reactions tend to have minute cross-sections due to the weak coupling 
strengths present. The photon’s high energy coupled with low momentum would
CHAPTER 1. INTRODUCTION 24
not however suppress reactions between the photon and groups of two or more nu­
cleons. Indeed such reactions dominate at photon energies above 50 MeV. The 
quasi-deuteron model of Levinger has been successful in describing photonuclear 
interactions on some light nuclei 12C [19],[49] 160  [2 1 ] and 6Li [2 0 ] and has been 
shown to give a much better agreement with experiment than single particle models 
or phase space models.
1.6 A im s o f  th e  C urrent W ork
This thesis describes a photonuclear measurement which was carried out on the 4He 
nucleus, using the tagged photon facility available at the University of Mainz. This 
experiment was designed to detect two ejected particles from the 7  + a  reaction in 
coincidence with the incident photon of known energy. The detector arrays were 
position and energy sensitive, and in addition could be used to identify protons, 
neutrons and deuterons. Two separate runs were carried out, in February and 
August of 1987. The present analysis deals with the decay channels leading to p-p 
and p-n angular correlations. The (7 ,p) channel is also of interest, and this channel 
is studied in detail in reference [13], using the same data. The channels which may 
be studied using the present data are listed in full in section 1.3 on page 10. The 
apparatus used to study these channels is described in detail in chapter 3.
M easurem ents and Comparisons w ith Theory
This thesis presents results for the (7 ,pn) and (7 ,pp) missing energy distributions 
and missing momentum distributions for the 4He nucleus. The cross-sections for 
specific channels will also be evaluated. The (7 ,pn)d and (7 ,pn)pn breakup chan­
nels will be examined separately to reveal both the differences and the similarities
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between them and the results will be compared with data from recent experiments 
carried out on 6Li, 160  and 12C.
Owing to the fact that the photon energy is well determined, this experi­
ment will be especially sensitive to the photon energy dependence of the (7 ,NN) 
cross-sections for the photon energy range available. The current measurement on 
the 4He nucleus should reveal to what extent the quasideuteron model or a phase 
space model can describe the mechanics of these reactions. Information about the 
missing momentum distributions, for each channel will be extracted and compared 
with various model predictions.
C hapter 2 
T heory o f Photonuclear R eactions
2.1 P h o to -a b so rp tio n
The total photoabsorption cross-section per nucleon is shown in figure 2.1 [51]. This 
gives an overview of the total photoabsorption cross-section per nucleon in the range 
10-105 MeV. Two large peaks are discernible. The peak at lower energy is known as 
the giant resonance peak. In this region the photon is primarily absorbed via dipole 
transitions leading to collective modes of nuclear excitation. The higher energy 
peak occurs a little way above the threshold for real pions (~140 MeV centre of 
mass energy). In this region the cross-section is influenced by nucleon excitation via 
the A-resonance, and the strength of this effect increases rapidly above this energy, 
becoming dominant above ~200 MeV in the deuterium case (fig. 22 of reference 
[52]). In this region, above pion threshold, the cross-section per nucleon is almost 
independent of the nucleus concerned, except for the case of 1H. This discrepancy 
regarding the single proton is largely explained by nucleon Fermi motion and by Pauli 
blocking which affect nucleons which are in proximity with other nucleons. In the 
intermediate region, between the giant resonance peaks, and the real pion threshold, 
the cross-section is markedly lower, and very slowly decreasing with energy [51]. It
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Figure 2.1: Total Photoabsorption cross-section per nucleon for beryllium, lead 
and copper, for the energy range 10-10° MeV. The graph shows the giant reso­
nance region (GR), the quasi-deuteron region below pion threshold (QD) and the 
A-resonance region above the pion threshold.
CHAPTER 2. THEORY OF PHOTONUCLEAR REACTIONS 28
is within this intermediate energy region that the present measurement is concerned, 
where the absorption due to p-n (proton-neutron) pair correlations is thought to be 
dominant.
Perhaps the simplest photonuclear reactions to study are the (7 ,p) reactions, 
where the momentum mismatch, q, is defined [54] by q = | p 7  — pp |, where pp is the 
momentum of the proton immediately after photoabsorption and p 7 is the photon 
momentum. At photon energies of the order of 60 MeV, where the corresponding 
wavelength is ~  eoiifeV/c> or ph0 ^011 would be expected to interact
with only a small fraction of the nucleus. In single nucleon knockout reactions, 
it is likely that the photon transfers almost all of its energy to a single nucleon 
within the nucleus, the remainder of the energy being transferred to the residual 
nucleus to balance momentum. This reaction is called quasi-free knockout because 
the remainder of the nucleus acts as a spectator to the reaction.
Figure 2.2 shows the exclusive (7 ,p) cross-section for 160  as a function of 
momentum mismatch, q, from the data of Leitch et.al [53] taken at the Kelvin 
Laboratory and at MIT. These results can be partially produced in a simplistic way
from a realistic Woods-Saxon shell model potential folded with Bessel functions,
based on a direct knockout reaction mechanism, where the cross-section for angular 
momentum I is given by
fOQ
a(q) oc| /  R(r)r2ji(qr)6r \2 (2.1)
J r = 0
A slightly more sophisticated model could alternatively be used where the photon 
interacts with a correlated p-n pair, where momentum, but not energy, is imparted 
to the neutron. The neutron remains bound so that its wavefunction contributes as 
a power of 2 (see figure 2.3), thus
/■oo
<r(q) oc I j  Rp{r)[Rn{T)]2T2ji{qr)Ar \2 (2.2)
Jo
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Figure 2 .2 : Exclusive (7 ,p) cross-section for 160  shown against mismatch momentum 
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Such a reaction, which implicitly assumes zero range N-N interactions, may be made 
to fit the data by choosing suitable scaling [54], however this model is of limited 
validity for this reason.
Nevertheless this suggests, that for the energy range concerned, the (7 ,p) 
cross-section may be sensitive to p-n correlations. In addition, theoretical calculations[55] 
using realistic nucleon-nucleon interactions show that the contributions coming from 
nucleon correlations are dominant for mismatch momenta higher than the Fermi mo­
mentum for nucleons.
These results suggest that the photoreactions are sensitive to nucleon-nucleon 
correlations, but the most direct way to test this is to study (7 ,NN) reactions. 
Since high energy photons interact mainly by E l absorption, photon interactions 
are expected to be especially sensitive to p-n pairs, which exchange charged mesons 
and have an electric dipole moment. A p-p pair within the nucleus, on the other 
hand, will not exchange charged mesons and may only couple to the photon via their 
quadrupole moment. Therefore the strength of photon absorption on correlated p-p 
pairs is expected to be much weaker than the QD strength.
The current status of the theory concerning photonuclear reactions at inter­
mediate energies is still rather rudimentary. Until recently the precision of (7 ,NN) 
experiments has been rather poor and this has provided little incentive to the de­
velopment of the theory. It is only now that models proposed thirty years ago are 
being developed further. However some aspects of the theory have been developed 
in recent years in the lightest nuclei with the development of the solutions to the 
3-nucleon bound state Faddeev equations [56]. This has been a great step towards 
understanding the 3He nucleus in a model independent way, but full microscopic 
theories are still lacking for 4He.
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Figure 2.3: Comparison of the 160(7,po) scaling function with Jastrow model cal­
culations. The shaded area represents experimental data. The short-broken curve 
represents predictions for Bessel functions in the calculations of the term represent­
ing the 2N mechanism.
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2.2 T h e q u asi-d eu teron  M od el
2.2.1 N ucleon Pair Correlations
Heidmann[57] attempted to explain the (N,d) pickup reaction by using a two-nucleon 
model, where the nucleus was considered to be an (A — 2 ) nucleus with a p-n 
pair travelling within it. This model was successful in explaining the surprisingly 
large pickup cross-section given the small binding energy of the deuteron. This 
picture was later used by Levinger [1] to account for the unexpectedly high strength 
of the photonuclear process at intermediate energies. In the Levinger treatment, 
the nucleus was viewed as an interacting p-n pair and (A — 2) non-participating 
“spectator” nucleons. It was assumed that if the distance between a proton and a 
neutron is much smaller than the average internucleon spacing in the nucleus, then 
it is unlikely that other nucleons will be similarly near to the two nucleons which 
are very close together. This model has become known as the quasideuteron model 
of Levinger.
Levinger predicted that because the photon interacts with quasideuterons, the 
photonuclear absorption cross-section should be proportional both to the density of 
quasideuterons, and to the deuteron cross section, crd. The cross-section, <rgd, 
is therefore of the form
N Z  -------
<rqd(£ 7) =  L — - <rd(£ 7), E 7 >  lOOMeV (2.3)
where the line above indicates that the real deuteron cross-section used is an 
appropriately weighted average, to take account of the Fermi motion associated 
with the quasideuteron. The parameter L  (called the Levinger parameter) takes 
into account the enhancement in the cross-section due to the increased p-n coupling
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in the quasideuteron. In his original paper [1] in 1951, Levinger quoted a value for L  
of 6.4 for photon energies above ~150 MeV, with a slightly lower value for energies 
less than this. This model, however, did not take account of Pauli-bloeking, which 
would be expected to be significant in heavier nuclei. Levinger later proposed [58] 
a “modified quasideuteron model” to account for this, where the total cross-section 
was given by
N Z
(Tmqd{E7) =  L— <7d(£ 7 )exp(-Z > /£7) (2.4)
where D is ~60 MeV. Tavares et.al. [59] proposed that L would be a weak function 
of A , and gave an expression for L of
L =  2.11n(1.3i4) (2.5)
This gives a value of 11.8 for Pb which was closely in agreement with the work 
of Lepretre et.al. [60, 61] who studied the Pb cross-section in the range 34-132 
MeV and obtained a value for L of 13.25 and a value of 67.4 MeV for D by fitting 
equation 2.4 to their data.
Levinger’s model was further developed by Gottfried [9] (strictly for closed 
shell nuclei), who expressed the p-n pair correlation in the form of a Jastrow-type 
[62] correlation function for the p-n pair.
p(ri,r2) =  P*(ri,r2) | ^(| rx -  r2 |) |2 (2.6)
where p8 could be derived from the shell model independent particle wavefunctions, 
which give a good description of the nuclear wavefunction when nucleons are well 
separated. Correlations are contained within the Jastrow-type function g , which may 
be related to the ground state deuteron wavefunction. p8 determines the quantity 
F { P ), which is the relative probability of a p-n pair having a total momentum P.
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The cross-section can be expressed as [9]
16a = ^ F ( P ) S &8(Ef -  Ei)d ppd pn (2.7)
where the factor Sr is the probability that two particles in a state of relative mo­
tion given by the short range correlation function perform a transition to the final 
scattering state [63]. It represents the more violent correlations of the p-n pair, and 
is related to the deuteron wavefunction through the relation
’ “ ’ T ’ i k & r  <2-8>
where 7  is a proportionality constant and the ★ indicates that the quantity corre­
sponds to the centre of momentum frame. The form factor F(P)  in the cross section 
(representing the incoming photon and ejected proton and neutron by plane waves) 
is given by
F(P) oc| j  eir p'>e,rp"V>1,(r)V>„(r)e-r fe’ d3r  |2 (2.9)
where again the integral is taken over all space, where i>p(r) and VViM are the radial 
parts of the single particle wavefunction for the proton and the neutron and pp and 
p n are the proton and neutron momenta respectively. Since d3r is a volume element, 
this leads to
[  f  dr • 68r2 sin 8etT^ Pp+Pn-^ 7Vp(r‘)V,nM  (2 .1 0 )J r=0  J 6—0
for / =  0 states, where 0 is the angle between r  and (pp -f Pn — &7)* This leads to
poo
F(P)  oc / dr • r2Tl>p(r)Tpn(r)jo(Pr) (2.11)
J r = 0
for
P  =1 Pp +  Pn -  I (2.12)
The above treatment applies only to / =  0 states, however these are the only states
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present in the 4He nucleus. The more general form of the above equation [63] is
P(P)  =  E ' += M '| ( 2 '  +  ! ) ( 2 i ' + ! )  I (“ '0 0  I p o ) |2 .
(2.13)
I /0°° Rn,l{r )Pn',l'(r )jp(Pr )r2 ’ I2
where R„j is the radial wavefunction for a nucleon of principal quantum number to 
and angular momentum I.
M eson Exchange Effects
Calculations by Fink and Gari [64, 65] indicate that the experimental photoproton 
and photoneutron cross-sections cannot be reproduced theoretically unless meson 
exchange currents are included in the calculation. Boato and Giannini[18] recently 
gave Gottfried’s treatment some justification with regard to this, showing that the 
Gottfried factorisation is valid not only in explaining effects due to p-n correlations, 
but also in the presence of MEC and that the total cross-section of the 2 -N pho­
toemission is directly related to the Fourier transform of the nuclear correlation 
function. In their treatment, the (7 ,pn) cross-section is given by the relation [18]
da. = ( M i  | (JS | T I a ) I2 5(Ef -  Ei)d3P ld3p 2d3p R (2.14)
LJ
where (3 and a  denote the final and initial states respectively. T is the electromag­
netic operator, given by
T = j  dreiq reA • J (r )  (2.15)
where e\  is the polarisation vector of the photon, and J (r )  is the total electromag­
netic current.
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F in al S ta te  In te rac tio n s
After the photon has interacted with the quasideuteron, the participating nucle­
ons may interact with the remainder of the nucleus giving final state interactions 
(FSI). Interactions between ejected nucleons and the residual nucleus can distort 
the cross-section in two ways, firstly, the nucleon may be absorbed, and secondly, 
as the nucleon leaves the residual nucleus, there is a slight “refraction” effect. A 
correction for both of these final state interaction effects was attempted by Got­
tfried. This was done by applying the factor / a( ^ ) r ( p p, p n). f a represents the 
absorption of outgoing nucleons and is derived from the nuclear radius, JRo, and the 
mean free path for absorption, Aa. T represents the weak refraction that occurs as 
the nucleons of centre of mass momenta pp and p n leave the nucleus. These factors 
can in theory be included in the Monte-Carlo simulation of the experiment but this 
correction was not applied in the present analysis since the effect of weak refraction 
and absorption of fast nucleons are not expected to be very large in the case of 4He. 
A more significant effect in the 4He (7 ,pn) case, however, is likely to be FSI between 
the two recoil nucleons leading to a bound deuteron.
2.2.2 The Pair M om entum  D istribution for 4He
The pair momentum distribution, F (P ) , for 4He, can be calculated using single 
particle shell model calculations. If all of the 4He nucleons are in simple harmonic 
oscillator potentials, then for 4He, which contains only / =  0 states, equation 2.13 
simplifies to
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where R ab(r) is the radial wavefunction for a nucleon of principal quantum 
number a and angular momentum b. Let Rqo be a simple harmonic oscillator func­
tion
R(r) = Ne-ffr'/2 (2.17)
then
/*°° n 1 nF(P) oc| /  e~0T j 0(Pr)dr|2 (2.18)
Jo
but since
jo e-0r2jo( P r ) A v = - ^ e-p2liB (2.19)
then
F(P) oc e-p2/2B (2.20)
If a centre of mass correction is applied to the 4-nucleon system, it can be
shown that the rms radius Ro is given by
%  =  £  (2.21)
The value of Ro, the rms radius for a nucleon in 4He is taken to be 1.67 fin
[6 6 ], giving
P = 0.3847fm~2 (2.22)
CHAPTER 2. THEORY OF PHOTONUCLEAR REACTIONS 38
2.3 V ariational W avefunctions for 4H e
A more sophisticated method of obtaining the F(P)  distribution is to use varia­
tional wavefunctions. Schiavilla and Pandharipande [67] have developed a general 
Monte Carlo method for obtaining the momentum distributions of nucleons and 
nucleon clusters. The calculations are based on a pair correlation function of the 
form
F i j  =  / c(r,j)[l +  u'(ry)<Tj • <Tj +  u tT( r i j ) S i j T i  ■ T j ]
(2.23)
= / c(n;)[i +  LP «p(nj)0^]
where / c(rtJ) represents central correlations, and depends only on the distance 
between two nucleons, uv{rij) is included to account for tensor correlations and 
u tr{rij) is included to account for spin correlations. The nuclear wavefunction is 
then written in the form
* = {5 n /cK)[i+E( n (2-24)
i < j  P k^i , j
where the factor f i j k  is included as a perturbation to take account of the effects 
of other nucleons, S is the symmetrizer and the $  are antisymmetric non-interacting 
wavefunctions. The correlation functions / c(7*), u°{r) and uT(r ), and the parameters 
f i j k  are determined variationally to minimise the overall energy, ignoring coulomb 
interactions. The probability of finding a nucleon with spin projection s and isospin 
projection t is given in terms of creation and destruction operators for the ground 
state nucleus, represented by | A), and is
JV.,t(k) = (A I 0 + (fc)o.,«(fc) | A) (2.25)
The nucleon momentum distributions are then obtained by summing Naj(k )
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over all possible spin and isospin states.
N.,,(k) = ^ r A) dr’1dr 1, . . . , 6rA
(2.26)
where N a and Q represent the wavefunction normalisation and normalisation 
volume. The nuclear wavefunctions are written
Vu = [ II / ”(»•«)]
i < j < A
(2.27)
where are uncorrelated wavefunctions which have no dependence upon the 
coordinates r t . M a {t i , . . . ,t a ) is a matrix operator given by
MA(ru ...,TA) = 511(1 + £( n
i < j  P k £ i , j
(2.28)
The momentum distributions for the nucleons are obtained by using Monte Carlo 
techniques to sample the integrand
W{R)X{t,k,R) (2.29)
to give
where
Nflh) = ± n t = 1-,h)
I(t,h) = j  W(R)X(t,k,R)dR
(2.30)
(2.31)
where
R = t [ t 1...t a (2.32)
and
W(R) = I I / > ' ) / > . ) (2.33)
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and
X ( t , k , r )  =  ^ M i ( r [ , . . . , r A)Pt(l)eik<r i - r ^ M A( r u .. . ,rA)^A (2.34)
By folding together two single-nucleon momentum density distributions ob­
tained by this method, the pair momentum distribution F (P )  can be obtained.
2.4  P h a se  Space M od els for 4H e (7,p n ) reaction s
It would appear from past experimental work that the quasideuteron model is likely 
to be suited to predicting photonuclear strengths at intermediate energies. Theo­
retical calculations have been discussed relating to this model for simple harmonic 
oscillator wavefunctions and Variational wavefunctions. However in order to test the 
validity of these models it is useful to compare the results with predictions from the 
available phase space alone. This can be done by considering the situation where 
the available centre-of-mass energy is distributed among the final state particles ac­
cording to the densities of final energy states. The three body phase space predicts 
[6 8 ] that if the energies of two of the three particles are plotted on perpendicular 
axes, the density of events per unit area should be uniform within the permitted 
kinematic region.
If C is the total kinetic energy available to the three final state particles in 
their mutual centre-of-mass frame, then
C = Tp +  Tn +  Tr  (2.35)
where Tp, Tn and T r  are the kinetic energies of the proton, neutron and recoil
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system respectively. In the non-relativistic limit,
 Tr =  Tp +  Tn +  2 J T pTn cos Opn (2.36)
771 v
where m  is the nucleon mass, tt ir  is the recoil mass and 8pn is the angle between 
the proton and the neutron in the centre-of-mass frame.
if we define To as
TD = TP -  Tn (2.37)
then
(C -  T r )1 - T l  = (Tp +  Tnf  -  (Tp -  T„)2 (2.38)
or
(C -  T r )1 - T 2d  = 4TpT„ (2.39)
rewriting equation 2.36 in terms of T r  and To,
— T r = C - T r + [ ( C -  T r )1 -  T l Y ' 1 c o s  V  (2-40)m
or
T 1 = ( C - T r )1 - — \ — { ( ^ .  + \)T r ~ c ) 2 (2.41)cos opn \  m  J
For a given value of T r, Tp  has its maximum value when
cos2 Opn = 1 (2.42)
thus
T 2 =  (C -  Tr )1 -  [ ( ^  +  1 )Tr  -  C]1 (2.43)
771
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marks the maximum and minimum possible values of Tp  for a given value of T r. 
This can be re-written as the equation of an ellipse with semi-major axes a  and 6 ,
3 +‘V e-  <’■«>
where a =  C[mR/(rriR  +  2m ) ] 1/ 2 and b =  C[m/(rriR  +  2m)]
Since Tp  and T r  are simply linear combinations of Tp and Tn, a plot of Tp  ver­
sus T r  should yield an ellipse of uniform event probability density whose boundaries 
are given by 2.44.
The probability of having a value of T r  between n  and Tk  +  dT r  is thus 
proportional to
2TS°*dTR =  2«/(C -  Tr ) 2 -  [(—  + 1 )T„ -  C}HTr (2.45)
V m
rewriting T r  =  p2R/2rriR and dTr  = P r^ p r / tu r  we can show [19] that for a 
given available energy, C , the probability of the recoil system’s momentum lying 
between between pr and pr +  dpr is proportional to
Pr(1 ~  pR™ C m m ^ ^ dPR (2-46)
2.5 C onclusion
The present work should provide evidence as to how appropriate the quasideuteron 
model is in describing the 4He nucleus. A direct comparison between quasideuteron 
and phase space model predictions with experimental data should give a good indi­
cation of the validity of the quasideuteron approach.
Certainly final state interaction effects will distort the picture somewhat but it 
is likely that these effects will be small as far as the detected nucleons are concerned.
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The quasideuteron model appears to dominate in the intermediate energy region, 
however this model may be unable to explain photonuclear strengths in some regions 
of phase space, where 3-N absorption mechanisms are observed to be significant. 
This effect may be significant even on the relatively low density 3He nucleus, where 
it may account for 10-20 % [69] of photonuclear reactions in this case. 3-N absorption 
mechanisms also seem to be strong in 4He at photon energies of ~400 MeV [46, 47]. 
The 4He nucleus, being of much higher density, might be expected to be noticeably 
affected by such mechanisms, which would tend to share the photon’s energy between 
3 nucleons, thus destroying N-N angular correlations in these reactions. However, 
experimental data on 3H and 3He are relatively sparse, and quasi-3-nucleon models 
in analogy with the quasideuteron model are difficult to test at the present time.
Both 3-nucleon interactions and final state interactions would be expected to 
contribute to the (7 ,pp) channel, whereas pure quasideuteron interactions should 
not. It is hoped that the present measurements will provide some indication of the 
mechanisms responsible for this photodisintegration channel.
C hapter 3 
T he E xperim ental System
3.1 A n  O verview
The data presented in this thesis were obtained from photodisintegration measure­
ments on 4He, which were carried out using the tagged photon facility at the Mainz 
180 MeV electron microtron MAMI-A, in February and August of 1987. The exper­
imental apparatus was configured in such a way that for every (7 ,NN) event that 
was recorded, the apparatus would determine the energy of the photon, identify the 
two particles detected from the reaction, and measure their momenta. This chapter 
contains a description of the apparatus which was used during those measurements. 
Details of each piece of apparatus are given as well as information on the electronics 
and signal processing.
An overview of the experimental system is given in figure 3.1. At the bottom 
of the picture, the incoming electron beam provided by the Mainz 100% duty-cycle 
microtron is shown. The 183 MeV electron beam is directed onto an aluminium ra­
diator to produce bremsstrahlung photons, which are tagged in a QDD (quadrupole- 
dipole-dip ole) magnetic spectrometer [3].
The tagged photons are incident on a liquid 4He target, where nuclear reactions
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cause nucleons to be ejected. The ejected particles are observed by the two detector 
arrays situated on either side of the target. The detectors are of large solid angle, 
and have good angular and energy resolution, enabling a full identification of the 
breakup channels. On the left side is shown a AE,AE,E telescope which is used to 
detect and identify protons and deuterons. On the right is a TOF array, which can 
detect and identify neutrons, protons and deuterons. The AE,AE,E telescope had 
horizontal and vertical position sensitivity, which is used to determine the polar and 
azimuthal angles of one of the detected particles. The TOF detectors situated on the 
other side of the target measure the vertical position and timing of other, correlated 
particles. By knowing which TOF detector produces a signal the particle’s horizontal 
position is determined with good accuracy. The curved AE detectors register charged 
particles only, and the TOF-side curved AE is used in conjunction with the TOF 
detectors to separate TOF-side protons and deuterons from neutrons.
3.2  T h e A ccelerator
The racetrack electron microtron [72],[2],[71], illustrated in figure 3.2, was used to 
provide the continuous electron beam for this experiment. The accelerator consists 
of a Van de Graaf injector followed by two electron microtron stages which are used 
to accelerate the electrons to ~180 MeV using a 2.45 GHz r.f. field.
The Van de Graaf injector produces electrons of 2.1 MeV energy, which are 
injected into stage 1 of the microtron where they are circulated between two large 
magnets in orbits of gradually increasing size. In each turn, the electrons pass 
through the same accelerating section situated between the magnets. There are a 
total of 14 turns in this stage after which the electrons are accelerated to 14 MeV. 
The electrons then enter stage 2  where they are accelerated through 51 turns to
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reach an energy of 180 MeV. At the last turn an extractor magnet is used to 
deflect the beam into the beam handling system which subsequently guides it to the 
bremsstrahlung radiator.
The r.f. field used to accelerate the electrons also acts to equalise their energies. 
Electrons of energies that are too high take a slightly longer time to arrive once again 
at the accelerating field, as they take a longer flight path through the magnets. 
They are then slightly out of phase with respect to the accelerating field and so are 
not accelerated by as much as electrons of the correct energy. Similarly, electrons 
whose energies are too low are over-accelerated on subsequent passes through the 
accelerating section. This feed-back mechanism leads to the production of a beam 
with a resolution of 36 keV FWHM, suitable for use in the photon tagging experiment.
3.3  T h e T agging S p ectrom eter
The focussed electron beam provided by the microtron passes through an aluminium 
radiator to produce strongly forward-peaked bremsstrahlung. The small proportion 
of the beam electrons which interact with the radiator to produce bremsstrahlung 
also lose energy in the process. These electrons degraded in energy are focussed by 
a quadrupole magnet, Q l, shown in figure 3.1 and by two dipole magnets, D1 and 
D2, onto the focal plane of the tagging spectrometer shown to the left of D2 on the 
diagram. D1 and D2 each have field homogeneities of better than 5 parts in 104 [3].
The quadrupole magnet, Q l, provides vertical focussing for the electrons while 
the two dipole magnets, D1 and D2, give horizontal focussing. The position on the 
focal plane at which a given electron arrives depends only on its energy, therefore 
to determine the electron energy only the position of the electron on the focal plane 
needs to be recorded. By determining the energy of an electron, the energy of the
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corresponding bremsstrahlung photon is calculated as the difference between the 
incident electron beam energy (182.95±0.02 MeV) and the energy of the electron 
detected at the focal plane. It is through measuring the energy and timing of the 
focal place electron that the photon is tagged.
The momentum acceptance of the analysing magnet is large, so that the lowest 
momentum accepted (for a given magnet setting) is roughly half of the highest. Four 
magnet settings were normally used, leading to four trajectories for the electron 
beams, which allow for a wide range of electron energies, and hence photon energies, 
to be tagged. In this experiment, however, only trajectories 1 and 2, which gave the 
widest photon energy coverages, were used. The range of photon energies covered 
by each trajectory is shown in table 3.1. Magnets D3 and D4 serve to transport the 
undegraded electron beam away from the experimental area.
The electrons which arrive at the focal plane are detected by a position sensitive 
focal plane detector (FPD) [3] which consists of an array of 92 scintillator detectors. 
These detectors overlap one another so that for every useful event, at least 2 adjacent 
scintillators produce a signal. There are 91 coincidence output channels from this 
array, each corresponding to a particular pair of neighbouring detectors. The output 
channel number, which determines the tagged photon energy, is recorded in a bit 
pattern unit by the computer for every recorded event. The timing of each event is 
recorded by combining the outputs of groups of 8  channels and feeding them to 1 2  
TDC’s (the first and last TDC’s are exceptions taking the inputs from only four and 
seven channels respectively). The TDC’s record the timing of the electron relative 
to the timing of the reaction trigger, called the X-trigger, which is determined by 
the timing of the particle detected on the proton side curved AE detector.
The principal advantage of splitting the FPD into 12 sections was that events
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Trajectory From To
1 80 131
2 131 155
3 155 167.5
4 167.5 173.75
Table 3.1: Table of photon energy ranges (MeV) tagged for each trajectory
corresponding to a given TDC could be treated separately from most of the others. 
This technique improved the ratio of real to random coincidences considerably over 
that obtained using a single TDC for all 91 channels. This in turn reduced the 
correction factors (and their associated errors) to the data, as described in section 
4.3.1.
The photon energy resolution was essentially determined by the energy accep­
tance of each focal plane detector. This was ~0.5 MeV for the 80-131 MeV photon 
energy range.
3.3.1 T he Beam  M onitor
In order to monitor the photon flux incident on the target, a beam monitor was 
used in the measurement. An ionisation chamber was used to measure on-line, via 
a ratemeter, the instantaneous value of the total photon beam intensity. It also 
recorded the integrated photon beam intensity for each data set. This monitor was 
situated in the photon beam beyond the target, and was large enough to intercept 
the full collimated beam.
If the electron beam was unstable this would be reflected in a change in the 
photon beam intensity and hence in the monitor count rate, and the electron beam 
would then be re-aligned. In addition to the photon beam monitor, a Faraday cup
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was used to monitor the electron beam current, which was displayed in the control 
room. A typical beam current for the tagged photon experiments was ~50 nA.
3.3.2 T he Radiator
The choice of the bremsstrahlung radiator is a compromise. Too thin a radiator leads 
to a poor photon flux compared to the background produced by the primary beam 
flux. Having a radiator which is too thick will lead to multiple electron scattering 
leading to a broader bremstrahlung cone and a lower tagging efficiency. The radiator 
used, 25 fim  of aluminium (2.8 x 10“4 radiation lengths), was a good compromise 
between these two effects.
The radiator is mounted on a wheel and is controlled electronically by a step­
ping motor. For tagging efficiency background corrections, as described in section 
3.3.3, the radiator is removed using the electronically controlled wheel.
3.3.3 T he Tagging Efficiency M easurem ents
The beam was collimated to discard the low intensity tails of the bremsstrahlung 
cone and define the photon beam spot size of 23 mm diameter at the target position. 
This permitted targets of small size to be used. The profile of the beam accepted by 
the collimator was recorded photographically several times during the experiment. 
A typical beam photograph is shown in figure 3.3. Because the beam was colli­
mated, a substantial fraction of the photons produced at the radiator were stopped 
before reaching the target. Therefore not all of the electrons detected in the FPD 
corresponded to photons incident on the target. Tagging efficiency measurements 
were performed to ascertain the proportion of the electrons incident on the FPD for 
which the corresponding photons were incident on the target. These measurements
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Figure 3.3: A photograph of the tagged photon beam emerging from the collimator
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used a scintillating glass detector of 100% photon detection efficiency in coincidence 
with the FPD. To measure the tagging efficiency, the electron beam was set at low 
intensity and the scintillating glass detector was placed in the position normally 
occupied by the target. The number of photons detected was compared with the 
number of electrons in the tagging spectrometer and the ratio was calculated to give 
the tagging efficiency. In fact, two measurements were taken, one with the radia­
tor in place, and the other with the radiator absent. This allowed corrections for 
background. The tagging efficiency is a weak function of photon energy because the 
divergence of the photon beam is a function of energy. This effect may in principle 
be partially corrected for at the analysis stage, but in practice the variation with 
photon energy was found to be very small and was neglected.
3.4  T h e AE,AE,E S cin tilla tor A rray
The AE,AE,E array[4] shown schematically in figure 3.4 consists of 3 horizontal blocks 
of plastic scintillator, each of height 13.5 cm, depth 11 cm, length 1 m and with a 
refractive index of ~1.5. These E blocks (made of NE110) are of sufficient thickness 
to stop protons of energy up to 120 MeV. Immediately in front of the E-blocks are 
5 vertical plastic scintillator strips, each 3 mm thick, 50 cm in height and 20 cm 
wide. Another, smaller AE transmission scintillation detector, described in section
3.5 is placed 10 cm from the target. A photo-multiplier tube (PMT) is attached 
to both ends of each E block and via twisted strip adiabatic light guides, to both 
ends of each AE strip. Each PMT is connected to an ADC and to a TDC, each of 
which are read by the computer for every event that is recorded. The horizontal 
and vertical positions of the detected particle are determined off-line from the time 
differences between the TDC signals at the ends of the scintillator block or strip.
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From the calculated position, the scattering and azimuthal angles are determined 
for the particle detected. The energy of the proton (or deuteron) is determined from 
the light output of the scintillator. As is explained in section 4.1.3, the geometric 
mean of the light intensities detected at the ends of an E block is related linearly 
(to a very good approximation), to the energy deposited in the detector. Thus the 
AE,AE,E array is used to measure the energy and direction of an identified particle.
A charged particle passing through the scintillators will lose kinetic energy 
at a rate determined by the Bethe-Bloch formula [73] and this loss rate is
determined almost entirely by the particle velocity and is not sensitive to the mass 
of the particle. Thus a particle may be identified by examining the relationship 
between the signal in the E block, related to its energy E, and the signal in
the AE strip, related to its velocity, as shown in figure 4.5. The detector can be used 
to differentiate between electrons, protons and deuterons.
The useful detector aperture was limited, since for particles arriving close to 
one end of an E block, the PMT light collection was strongly position dependent. 
This resulted in poor energy resolution for such particles and they were therefore 
discarded from the data. Particles incident near the ends of the AE-strips were also 
discarded since they can emerge from the top and bottom surfaces of the E-blocks 
if their energy is sufficiently high. A scatter plot of the horizontal and vertical 
positions of incident particles is shown in figure 3.5, the dashed lines indicating the 
cuts used. With these cuts the useful solid angle subtended by the detector was 0.89 
steradians.
The effective energy threshold of the detector is determined by the particle 
energy losses in the two AE strips and the electronic threshold applied to the output 
from the E-block PMT’s in order to eliminate noise and background. The effective
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Figure 3.4: A Diagram of the AE,AE,E array
i
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Figure 3.5: A scatter plot of the horizontal and vertical positions of particles detected 
by the AE, AE, E scintillator detector.
threshold for protons was dependent on the angle between the proton and the detec­
tor surfaces. This is because of the proton path length through the AE-strip being 
angular dependent. The proton detector threshold was 27.5 MeV at right angles to 
the detector surface, 30.4 MeV at the most forward angle and 29.0 MeV at the most 
backward angle.
In (7 ,pn) data, it is of interest to detect particles from reactions correspond­
ing to a wide range of missing energies (see appendix A.2). However reactions of 
high missing energies correspond to low energy protons and some of these protons 
have energies below the detector threshold. To minimise these losses, the discrim­
inator thresholds on the AE,AE,E detector were set as low as possible The triple 
coincidence between the two AE layers and the E-blocks ensured that even with 
thresholds at minimum, the random background recorded was not excessive. This
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threshold, however, was sufficiently high to present a significant limitation to the nu­
clear information which could be obtained, particularly at the lower photon energies 
and higher missing energies.
The AE,AE,E array incorporates light flasher units in the E blocks, to provide a 
reference light intensity. A feed back loop controlled by a PIN diode which monitored 
the light output from the flasher, was included to provide additional stability. The 
flasher signals were used to monitor PMT gain drifts occurring during the course of 
a measurement. The flasher peaks were invaluable online, since a flasher peak that 
is broad in energy indicates data in which the PMT gains are varying with time. 
However the flasher unit could not be used for accurate energy calibrations through 
monitoring small drifts in the detector gains, as the flasher unit output drifted very 
slightly every few hours due to minor instabilities in its pre-amplifier. Nevertheless 
the flasher units provided a useful check on the gain stability of the detector and 
approximate energy calibrations could be obtained, which determined the proton 
energy to within 2 MeV. This was useful in obtaining initial calibrations, although 
a more accurate technique was used to obtain the final calibrations.
3.5 T he C urved AE Start D etec to rs
Two curved AE detectors were attached to the target scattering chamber. The proton 
side curved AE, forming part of the E,AE,AE array, was useful in online background 
rejection, and was used to determine the timing of the charged particle trigger. The 
TOF side curved AE was necessary for particle identification, to allow protons and 
deuterons to be differentiated from neutrons.
The curved AE detectors were made of NE102 and shaped to curve around the 
scattering chamber of the target. The scintillator was firstly manufactured as a flat
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piece of plastic (1.1mm thick), and was bent to fit to the outside of the scattering 
chamber (radius of bend 9.5 cm) using hot water to soften it temporarily. It was 
desirable to position the AE’s as close to the target as possible so as to determine best 
the timing of the particles ejected from the target. The curved AE detectors used 
fibre-optic cables at either end in order to collect the scintillation light efficiently, 
and transmit it to the two PMT’s.
3.6  T h e TOF d etecto r  array
The time-of-flight detector array comprised 24 NE110 plastic scintillator blocks 
which were arranged vertically on the opposite side of the target to the AE,AE,E 
array. These detectors (described in reference [5]) were 1.8 m tall, 20 cm wide and 
10 cm thick and were positioned 3 m from the target, covering an angular range of 
43° to 137°. Their total solid angle at the target was ~1 sr. The detectors were 
position sensitive with a vertical position resolution of ~5 cm, corresponding to an 
azimuthal angle of ~0.6°. These detectors were used to observe the reaction prod­
uct correlated with the particle recorded by the AE,AE,E array. For protons, the 
detection efficiency above the threshold energy was ~100 %, but for neutrons these 
detectors typically had an efficiency of 10-15 % depending on the neutron energy 
and the thresholds used. Each detector had 2 PMT’s attached, one at either end, 
in order to provide both scintillator pulse height and timing information. Due to 
a shortage of available ADC’s and TDC’s, the 24 TOF detectors were multiplexed, 
where each detector was connected to a unique combination of ADC’s and TDC’s, 
with each ADC or TDC connected to four TOF-detector PMT’s. By identifying 
which combination of ADC’s and TDC’s gave signals it was possible to deduce which 
detector received the particle.
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A plot is shown in figure 4.9 of the pulse height geometric mean versus particle 
speed for this detector array showing how particle identification was possible.
3 .7  T h e 4H e T argets
In order to achieve a satisfactory foreground to background ratio, experiments with 
4He targets normally require the helium to be contained at high density and there 
are two ways of achieving a 4He target at high density, namely high pressure gas 
targets and cryogenic liquid targets.
Gas targets have some advantages over liquid targets. For instance they are 
particularly useful if the target thickness must be accurately ascertained. However, 
such a method method would be undesirable for this particular experiment as it 
requires target cell walls thick enough to withstand several atmospheres of pressure, 
leading to high energy losses for charged particles as well as creating high background 
levels from the target cell.
The other method, using liquid helium, allows the target cell walls to be thin­
ner, but introduces other technical difficulties. Containment of a cryogenic target 
imposes difficulties due to heat radiation from the surroundings. The target must 
be suspended in vacuum and surrounded by heat shielding, but the heat shielding 
and vacuum containment must not interfere too greatly with the photon beam or 
with the outgoing particles. These problems are discussed in more detail in refer­
ence [13]. The experimental difficulties are mitigated slightly due to the large gas 
to liquid density ratio, this ratio being 700 for 4He, which allows the liquid target 
to be made relatively small in volume. The target was ~30 cm3 in volume, with a 
thickness of ~1 cm (0.125 g/cm2) containing ~3.2 grammes of liquid 4He. The small 
size reduces the problems of containment, and reduces the amount of cooling neces­
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sary. It also allows the point of interaction and therefore the particle trajectories to 
be well determined.
Kapton windows of thickness 120/xm were used on both sides of the target cell 
in order to allow charged particles to pass through either side. The thin windows 
also reduced the background produced by the photon beam. The windows were 
supported by a 6 mm thick elliptical aluminium frame with an internal aperture 
with major and minor axes of 109 mm and 50 mm respectively. Unfortunately, 
charged particles could not escape at all angles owing to the presence of the vacuum 
chamber supporting walls (see fig. 3.6). Thus not all of the TOF detectors could 
be used for proton detection. In addition, the target cell was surrounded by heat 
shielding (5/xm aluminised mylar) which also contributed to the background and 
energy losses.
Two different cryogenic systems were employed to produce liquid helium tar­
gets. The first was an open cryostat which simply contained liquid 4He, which was 
allowed to boil off slowly, and was refilled periodically from a dewar. The second 
was a closed loop system which was isolated from the atmosphere, and was used 
to liquify gaseous helium, and could in principle be used for 3He as well as 4He. 
The former system was used for the lower photon energy range (80-131 MeV) and 
the latter was used for the higher energy range (131-150 MeV). Both of the targets 
used the same vacuum chamber. The plan of the scattering chamber is shown in 
figure 3.6
3.7.1 The O pen Cryogenic System
The open cryogenic system for 4He containment involved the use of a cryostat to 
supply the target cell continuously with fresh liquid helium. The boil-off helium gas
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Figure 3.6: Plan of target used. The windows on the sides of the scattering chamber 
were not identical. They were set at different heights, which were chosen to match 
the heights of the detector arrays.
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was vented to the atmosphere. The cryostat, shown in figure 3.7, acted as a tempo­
rary reservoir and required regular refilling with fresh liquid 4He. The containment 
vessels above the scattering chamber were constructed of stainless steel, and the solid 
part of the target cell was made of copper. The apparatus was constructed so that 
a liquid nitrogen cooled screen would partially shield the liquid helium from heat 
radiation. The nitrogen-cooled heat shield was invaluable since it greatly reduced 
the heat radiation reaching the target from its surroundings (the radiation flux from 
material at that temperature compared to room temperature being about >
which is less than 0.5 %). This shield could only partially cover the target since it 
could not be placed in the path of the beam or outgoing particles. The pipework 
was constructed so that the heat conduction from the helium-cooled parts of the ap­
paratus to the nitrogen-cooled parts was kept to a minimum. The supporting metal 
connection between the outer wall for the helium gas was made relatively high in the 
cryostat (see diagram), so as to minimise the heat input through conduction to the 
liquid helium in the inner tube. The pipework was designed to be strong, but thin 
so as to minimise heat conduction along the pipes, but allowing heat conduction 
between the inside and the outside of a pipe to allow heat exchange between the 
incoming and outgoing helium. The metal connection between the liquid nitrogen 
and the radiation shield, on the other hand, was made to be a good heat conductor 
in order to keep the shield cool. The vacuum compartments all communicated freely, 
the vacuum being maintained by a single turbo-pump (TMP) which was connected 
to the bottom of the scattering chamber via a wide aperture.
The target operated reliably. Only the quantity of liquid in the cryostat and 
the vacuum quality required constant attention and were monitored by closed circuit 
T.V. cameras viewing the relevant guages and meters. The amount of liquid helium 
in the cryostat above the target was estimated from the resistance of a wire immersed
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within the helium, which was superconducting only if submerged within the liquid. A 
small current was passed through the wire to prevent that part of the wire above the 
surface from becoming superconducting as well. When the liquid level fell below a 
predetermined value, the experiment was stopped for 15-20 minutes to allow refilling. 
This was required at ~5 hourly intervals.
3.7.2 The Closed Cryogenic System
The second method of helium containment employed a closed (isolated from atmo­
sphere) system where the gas was liquified through the iso-enthalpic Joule-Kelvin 
expansion induced by passing the gas through an adjustable needle valve. The Joule- 
Kelvin expansion only gives a cooling effect below 40K for 4He, and this cooling is 
only significant below ~10 K (see figure 3.8). Pre-cooling the 4He was therefore 
necessary using two compressor-operated cold heads (which used expansion of 4He 
gas at high pressure to provide cooling). The 4He feed-pipe was soldered to the cold 
heads so as to form a thermal contact, where the cold heads were designed to cool 
the 4He to 10 K.
A schematic diagram of the system is shown in figure 3.9. The helium was 
liquified in the refrigerator and deposited in the 25 cm3 target cell housed within 
the vacuum. The refrigerator incorporated about 10 metres of miniature coaxial 
pipework, of minimum diameter 1 mm, which acted as counter-flow heat exchangers. 
This pipework had numerous soft solder joints which were exceptionally delicate and 
required extensive leak-testing.
The cooling of the target took place in two stages. Firstly the helium gas was 
passed through with the needle valve fully open until the needle valve temperature 
was close to 10K (the gas-to-target-cell pipe makes contact with the cold heads), at
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which point the Joule-Kelvin effect would be powerful enough to cool it still further. 
Once the target and pipework had cooled sufficiently, the needle valve was closed so 
that the Joule-Kelvin effect came into operation. Between the 10K cold head and 
the target a counterflow heat exchanger cooled the gas to ~3K. The adjustment 
of the needle valve was optimised with the help of several temperature monitors 
which were located on various parts of the apparatus. It also contained pressure 
monitors to monitor the pressure within the target cell (strain guage), and in the 
target vacuum chamber (pirani guage). The pressure differential across the needle 
valve and the gas flow rate were controlled electronically.
During operation, since the helium cell could not be seen due to the heat 
shielding, the only reliable way to ascertain how much liquid helium was in the 
target cell was to estimate the amount of gas which had condensed and and hence 
been lost from the gas phase. Knowing the density of liquid helium the volume of 
liquid in the target cell could then be estimated. The system also included electronic 
safety features such as one to automatically return the gas to the buffer in the event 
of failure of the cell windows or vacuum, or a blockage of the needle valve. The gas 
return would be induced if a poor vacuum was recorded in the scattering chamber 
by the pirani guage. In addition, the system was configured so that all of the helium 
was recovered at the end of the experiment.
The system was developed for use with a 3He target, but in the event was used 
for a measurement on 4He at the higher photon energy range, E j  =  131 — 155 MeV. 
A diagram of the external part of the refrigeration system is shown in figure 3.10.
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Figure 3.9: A schematic diagram of the helium liquifier. In the apparatus used, the 
right-hand pipe is contained within the left hand pipe (concentric) whereas they are 
shown alongside one another in this diagram.
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3.8 T h e O nline D ata tak in g
The electronics were configured in such a way that for an event to be recorded as part 
of the experimental data, the system required a signal in both the charged particle 
detector array (AE,AE,E array) and in the tagging spectrometer. When an event was 
recorded, the signals from the charged particle array, the tagging spectrometer, the 
TOF array and the TOF side curved AE detectors were recorded by the computer.
3.8.1 The D ata A ccum ulation System
The particle detection apparatus consisted of three detector arrays. The first de­
tector array was the tagging spectrometer, which was described in section 3.3. The 
second detector array was the AE, AE, E array, described in section 3.4, and the third 
was the TOF-detector array, described in section 3.6. An event was recorded when 
a suitable signal activated the AE, AE, E array in coincidence with an event in the 
FPD. The coincidence time window used was 30 ns wide to allow both random and 
true coincidences to be recorded. In order to minimise the potentially large number 
of events which could be generated by electrons creating random coincidences, an 
online electron veto was used in the AE, AE, E array (see fig. 3.11). One of the 
E-blocks, one of the AE-strips and the curved AE were each required to give a signal 
above their respective thresholds, and an additional condition had to be met. For 
this condition, the signals from all 6 scintillator block PMT’s were added together 
and the resulting signal was attenuated by a variable amount. Similarly the signals 
from all of the vertical AE strips were added together and attenuated. The atten­
uated E and AE signals were then added together, and the signal resulting had to 
exceed a separate threshold as an additional condition on the X-trigger. This pro­
cedure resulted in a diagonal cut on a E-AE plot of the recorded events the position
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of which could be controlled by the two attenuation factors. Most electrons were 
eliminated in this way. When the X-trigger was activated, in coincidence with an 
event in the focal plane detector, an event was recorded by the computer. At this 
point, the signals from all of the CAMAC ADC’s and TDC’s were passed through 
an HP 1000 computer where the information was encoded, and transferred via a 
swinging buffer to an HP3000 computer, where each event was written to tape.
A diagram of the overall electronic system is shown (figure 3.11). The timing 
of the experimental system was configured so that the particle timings were recorded 
relative to the FPD timing, because the FPD yielded better timing resolution than 
the curved AE of the E,AE,AE array. This was important for accurate TOF mea­
surements. The TOF TDC’s are started by the first signals from the FPD. Thus the 
TDC’s are started with the electron (spectrometer) timing, and are stopped by the 
TOF TDC’s.
The electron timing in the tagging spectrometer (taken relative to the X-trigger 
timing) was recorded because it could be used to distinguish accidental coincidences 
in which triggers were produced by untagged photons in random coincidences with 
FPD signals. The contribution due to such random events was subtracted from the 
yield due to prompt events. The timing of the TOF array was used for a randoms 
subtraction as well as for energy measurement and will be more fully expained in 
section 4.3.1.
During the datataking, a number of scalers were used to monitor the count 
rates. Two sets of scalers were used:-
• A set of scalers were used to monitor the total counts in each section of the 
FPD. This gave a measurement of the photon flux and hence an overall nor­
malisation of the data. The contents of the scalers were recorded at the end
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of each file to be used in the analysis off-line.
• Scalers were used to monitor the detection equipment and coincidence elec­
tronics. These could be used to give an immediate indication of any problems 
in the performance of the detectors or in the accumulation of data.
C hapter 4 
D ata  A nalysis
In this chapter the calibration of the apparatus and the reduction and analysis of 
the data will be discussed. The generation of spectra and the various corrections 
to the measured yield will be described. Finally the interpretation of the data 
by comparison with Monte Carlo (MC) models of the reaction mechanism will be 
described.
The experimental data were stored event by event on 1600 BPI magnetic tape, 
using an HP3000 computer. One recorded event contains the values of all of the 
non-zero ADC’s, TDC’s and PU’s. The data sets which were taken comprised files 
corresponding to the target filled with liquid helium, the target empty, and various 
runs to allow the detectors to be calibrated off-line. At the end of each data set the 
numbers of counts which each scaler received during the data taking are recorded. 
The recorded ADC, TDC and PU signals, which originated from the detector arrays, 
could not be fully interpreted until they were calibrated off-line, using a purpose- 
written data analysis program. Once calibrated, the ADC and TDC signals were 
then used in the program to determine the momenta of the two detected reaction 
products, as well as that of the incoming photon, for each event recorded. The 
spectra obtained were corrected for background and random coincidence effects.
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The calibrations and data event corrections which were carried out in the off-line 
analysis are discussed in some detail in the following sections.
The data taken in the course of this work covered two photon energy ranges, 80- 
131 MeV and 131-155 MeV. Due to instabilities in the microtron, however, accurate 
calibration of the 131-155 MeV dataset was not possible. Consequently the analysis 
presented here has been confined to the 80-131 MeV range over which accurate cali­
bration was possible. The detectors used in this experiment had limited energy and 
angular acceptances and also had energy dependent efficiencies. The data recorded 
were thus modified by the response function of the apparatus. In order to fully 
interpret the data, therefore, it was necessary to perform a Monte Carlo simulation 
in order to understand and account for the distortions which the data suffered. A 
Monte Carlo program was already available for this purpose, but it required some 
modifications for use on these particular data. Details of the Monte Carlo simula­
tions are given in section 4.5.
4.1 D etec to r  C alibrations
4.1.1 Tagging Spectrom eter Calibration
The photon energy depends on the incident electron energy and the energy of the 
degraded electron. The former was determined by the magnetic fields in the mi­
crotron end magnets. The latter depended on the tagged photon spectrometer 
magnetic fields and on the particular channel of the FPD which fired. In practice 
the magnet currents were set to predetermined values and monitored throughout 
the experiment. The photon energy could then easily be determined from a look-up 
table of Ey against FPD channel.
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4.1.2 AE,AE,E Array Position  Calibration
The position of a particle on this detector array (shown in figure 3.4) was determined 
from the time difference of the signals at either end of both the NE110 E-block and 
the NE102A AE-strip which the particle entered. The position calibrations for the E- 
blocks were carried out by observing the E-block time difference spectrum, where the 
condition was imposed that a chosen AE-strip had to receive an event. This gave 
rectangular shaped time distributions with smeared edges as shown in figure 4.1. 
The time-positions corresponding to the edges of each AE-strip were estimated by 
looking at spectra from two neighbouring AE-strips as in figure 4.2. The TDC time 
difference values at half maximum for the two spectra were compared. The midpoint 
between the two half-maxima was taken to represent the boundary between the two 
AE-strips.
A similar procedure was carried out for the position calibration of each AE- 
strip using analogous conditions on the E-blocks, but with a small correction to take 
account of the ranges of the particles stopped in the E-blocks. This correction was 
included because in practice the light is not emitted at the surface of the E-block, 
but a short distance into the scintillator (due to the particle range). This therefore 
affected the position of the trajectory through the AE-strip. The penetration depth 
assumed was 2 cm for the 80-131 MeV photon energy range used. This assumed depth 
was based on the range corresponding to the average expected proton energies.
By knowing the physical positions and dimensions of the E-blocks and AE- 
strips, the position calibration was complete and the flight direction of any detected 
particle could be calculated. The position resolution was found to be 29 mm hor­
izontally and 44 mm vertically [4]. In the data analysis, the determination of the 
particle’s direction was uncertain due to the position resolution of the detector and
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Figure 4.2: Calibrations: shows the AE-strip time difference spectra corresponding 
to two neighbouring E-blocks. The boundary was assumed to be at the midpoint 
between the two time-positions corresponding to the half maxima.
also because it is not possible to determine from what point on the beamspot at the 
target that the particle had originated. Taking both of these effects into account 
the angular resolution was estimated to be of the order of 0.1 rad.
4.1.3 AE,AE,E Array Energy Calibration
When a charged particle passes through a scintillator, light is emitted as the particle 
is slowed down. The total amount of light emitted is dependent on the mass, charge 
and kinetic energy (KE) of the particle. The method of determining the KE of 
a particle is complicated by the fact that the emitted light is attenuated by the 
scintillator. However, the attenuation is exponential to a good approximation, thus 
the light intensity at the end of a scintillator element is
I  = Le~Kx (4.1)
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where L  is the initial light intensity, x is the distance traversed by the light and K  
is a constant for the scintillator elements. If the length of the scintillator is /, and 
the particle is incident at a distance x from end 1, and the intensities at both ends 
are Ii and J2j then the geometric mean of these is \Z I\Ii where
y fU t =  = Le-K,l2 (4.2)
which is position independent. Thus, assuming an exponential attenuation, the 
kinetic energy will be simply related to the geometric mean of the light signals at 
the PMT’s on the E-blocks.
The particle’s KE (T) is related to the light intensity L by
I  =  T - f c l n ( l  +  ^ )  (4.3)
where k =  6.1 MeV for protons and k =  11.35 MeV for deuterons. A graph of this 
relationship is shown in figure 4.3 for protons of energy up to 100 MeV. It is clear 
from this graph that the relationship between light output and kinetic energy is 
approximately linear for the proton energies that we are concerned with (~  10-60 
MeV).
The PMT pulse output signals, Pi and P2 are proportional to the intensities 
7i and / 2 respectively. The relationship between these signals and T the charged 
particle KE is given approximately by
T = a J K E  + 0  (4.4)
where a  and (3 are the calibration constants for the particular E-block. This de­
tector was calibrated by observing the geometric mean of the pulse height signals 
for protons of known energy incident on the detector. The calibration was first car­
ried out by using the deuterium data obtained with a CD2 target. In the d(7 ,p)n
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Figure 4.3: Light output versus proton energy for Tp in the range 0-150 MeV.
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channel, the proton energy is determined by and 9P alone and both of these are 
available from independent calibrations. This reaction had a good real to random 
ratio. Figure 4.4 shows the relationship observed between pulse height geometric 
mean and the expected energy for the d(7 ,p)n reaction.
It was found, however, that the gain of the PMT’s in the trigger detector drifted 
in time and that it was frequently better to use data from the 4He (7 ,p) reaction 
obtained at the same time as the (7 ,pN) data for energy calibration. In this case the 
proton kinetic energy was calculated from the two-body kinematics of the 4He (7 ,p) 
^  reaction, knowing the photon energy and the proton angle, which are given by 
equations A.20 and A . 2 1  in appendix A.I. This allowed the detector to be calibrated 
with an error in the proton energy of less than 0.5 MeV.
The only major disadvantage was that this self-calibration could only be used 
for photon energies up to ~110 MeV [74]. However for the higher photon energies, 
any drifts or changes in the calibration could be estimated from the position of the 
4He(7 ,pn)d missing energy breakup peak since the TOF-detector timing calibrations 
were stable and the TOF energy calibration did not change.
The Light Flasher U nit
A light flasher unit, described in section 3.4, was incorporated into the AE,AE,E 
array in order to monitor the gain of the E-detector. This unit emitted pulses 
of light, of constant intensity, to produce a peak in the pulse height spectra of 
the PMT’s. However, even with the aid of a feedback circuit, the intensity was 
only approximately constant. These flasher events were written to tape in such 
a way that they could be easily identified and separated from the nuclear events 
during the off-line analysis. There was a correlation between the flasher signals in
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Figure 4.4: Scatter plot of proton energy calculated from photon energy and proton 
angle versus proton energy calculated from pulse height geometric mean in the 
AE,AE,E array.
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the PMT’s and the gains in the PMT’s. Thus the flasher signals could be used to 
monitor the stability of the apparatus. If large drifts were observed, the detectors 
were re-calibrated for the data following the occurrence of the drift. For data at 
higher photon energies, where the (7 ,p)t reaction could not be used for detector 
calibrations, the flasher signals were used to obtain new energy calibrations.
The flasher peak above is insufficient to track variations in both a  and /?, the 
gain and the offset calibration constants in equation 4.4. However it was found, 
using (7 ,p)t calibrations at lower photon energies, that the offset, /#, did not vary 
much. To a first approximation, therefore, it was constant, so that the gain could 
be calculated approximately from the position of the flasher peak alone. The slight 
offset shifts which were observed for some files for the lower photon energies were 
thought to be due to shifts in the ADC pedestal values. In the data, the pedestal 
values were negative (but close to zero) and thus they could not be measured directly 
in order to correct shifts in their values. For these reasons, the flasher data were 
only used in the calibrations of those files (such as background data) not containing 
4He data or CD2 data It was less accurate than other methods used to calibrate the 
detector, a typical uncertainty being ~1.5 MeV
4.1.4 T im e-of-Flight D etector Array Calibration
The horizontal dimensions of the detectors in the time-of-flight TOF array were 
small, therefore the horizontal position was well determined by knowing which de­
tector received the particle. The vertical position, on the other hand, was determined 
from the time difference between the signals from the top and bottom ends. The par­
ticle’s flight path to the detector was calculated from its horizontal distance from 
the target, and from the vertical position of the incident particle at the detector
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relative to the vertical position of the target.
The particles in the TOF-array were identified from the ADC and TDC in­
formation, but their energies were calculated from the TDC information alone. To 
interpret the TDC signals properly, it was necessary to obtain the start time (To) of 
the reaction for each TOF-detector TDC spectrum. This was done by carrying out 
an active target measurement.
The active target consisted of a plastic scintillator detector with a sheet of lead 
attached to its downstream side. The photons produced relativistic electrons which 
were scattered by the lead and subsequently detected by the TOF array. Since each 
electron travelled with a velocity of ~c, the flight times to each detector could be 
calculated from the electron flight paths. The recorded arrival times of the electrons 
at the TOF detectors could therefore be used to calculate their start time in the TDC 
spectrum and so obtain the timing offsets of the TOF detector TDC spectra required 
for the analysis of the data. This timing was compared with the arrival time of the 
TOF-detector signal in order to obtain a timing calibration for each detector.
In order to estimate the final reaction yields, it is necessary to take account of 
the TOF detector efficiencies for neutrons (in the (7 ,pn) case). The code STANTON 
was used (in order to estimate these efficiencies) [75]. The predictions of this code 
are estimated to be accurate to ± 1 0 %.
4.2 D a ta  R ed u ctio n
The data produced in the 4He measurement filled 15 magnetic tapes in total. This 
large amount of data takes a considerable length of time for the computer to process 
and only a very small fraction of the data corresponded to 4He photonuclear events
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which could be fully determined kinematically. In order to analyse the data, events 
which were clearly not useful were rejected by a number of methods, described 
below. In this process, it was impossible to ensure that no true nuclear events were 
rejected, therefore correction factors had to be applied to the data following the 
data reduction process to correct for these lost events.
The useful data are categorised into reaction channels, and events relating to 
different coincidence timing regions (see later), or to different FPD sections, are 
treated separately from one another. The target-out background data are treated in 
exactly the same way as the target-in foreground data at the data reduction stages. 
The steps taken to extract the suitable events for study are given in the following 
list:-
1 . The AE,E detector array (shown in figure 3.4) was used to distinguish between 
protons, deuterons and electrons. To achieve this, the ADC signal geometric 
mean (GM) in the E-block was compared with the ADC signal GM in the AE- 
strip which fired. Each event could be displayed on an E-AE scatter plot as 
in figure 4.5. The proton, deuteron and electron events lie in distinct regions 
on this plot, and by selecting events which correspond to particular regions, 
proton or deuteron events could be identified and kept as separate data sets. 
In the data selection, data were treated separately for events in each E-block, 
AE-strip combination because the gains of the PMT’s were only approximately 
matched. These cuts were made loosely in order to minimise the number of 
protons or deuterons lost due to a particle’s energy being shared by 2 E-blocks 
(see figure 4.6). Nevertheless, the particle identification was imperfect because 
in some events the charged particles distributed their energies between two E- 
blocks and so failed to satisfy the cuts. This effect, however, could be kept to
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a minimum by carefully selecting the regions used. In addition, events were 
necessarily lost from these regions because of inelastic interactions of protons 
in the scintillator. [76]. The effects of these losses are discussed along with 
the results in the next chapter.
2 . An energy versus time-of-flight cut on the AE,AE,E array detector was carried 
out to remove some of the remaining unwanted electron events. The ADC 
signal GM in an E block was compared with the timing difference between 
the E block TDC which fired and the curved AE TDC signal. This gives the 
flight-time of the particle and hence is related to its velocity. An example 
of this cut is shown in figure 4.7 where events to the left of the dashed line 
are rejected. The fact that two separate cuts were used to identify charged 
particles enabled both cuts to be taken ‘loosely’ without allowing too many 
electron events through the cuts. This led to the rejection of relatively few 
good events, at the expense of retaining a little more background.
3. If a proton strikes the AE,AE,E array close to one of the PMT’s in an E- 
block this gives a non-uniform light collection. Consequently the signal may 
misrepresent the particle’s energy. Events close to one of the PMT’s in a AE- 
strip were also rejected in order to remove events where particles are too close 
to the upper and lower corners of the E-block array where particles are not 
completely stopped by the scintillator. Events where the particle was within 
12.5 cm of the end of an E-block or within 8.5 cm of the end of of a AE-strip 
were rejected. The positions of the cuts, which defined the solid angle of 0.9 sr 
subtended by the detector, are shown on the scatter plot in figure 3.5.
4. The next step in the data reduction was to require that at least one TOF- 
detector gave a signal. This was done by requiring that there were discernible
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signals in at least one suitable combination of two ADC’s and two TDC’s. The 
TOF detectors were multiplexed, and to determine whether or not a given TOF 
detector fired, it was necessary to look at its unique combination of ADC’s and 
TDC’s to find out whether they all fired above suitable software thresholds in 
coincidence. The time window used at this stage was generous so as to include 
both prompt and random neutrons in the analysis. The positioning of the 
prompt and random regions was aided by observing the scatter plot given in 
figure 4.8 which shows the pulse height versus the square of speed for particles 
detected in a TOF-detector. This diagram shows a linear ridge due to protons 
and neutrons depositing their maximum energy, and a distribution of neutron 
events below this ridge. Events where more than one TOF-detector registered 
an event, for a given prompt or random region were discarded in the analysis.
5. The TOF-side AE-detector could be used to aid identification of the particle 
which emerged on this side of the target. If the particle was charged, the 
detector would fire, but neutrons had a negligible probability of triggering this 
detector. Even if a neutron fires it, it is highly unlikely that the recoil proton 
or neutron will be detected by one of the 24 scintillator blocks. For charged 
particle selection, a particle speed versus TOF pulse height cut was used, which 
allowed clear separation of protons and deuterons as shown in figure 4.9. The 
speed of a given particle was calculated from the TOF signal time and the 
distance from the target to the part of the TOF-detector which received the 
particle.
6 . The data were then split into prompt and random regions (figure 4.10) on the 
basis of flight time to the TOF detectors and the time difference between the 
FPD and the AE,AE,E array. This procedure is described in section 4.3.1. This
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is necessary because some of the events in the prompt region in a FPD TDC 
are still due to random coincidence, and the data must be corrected for such 
events.
7. Finally, for (7 ,pn) data, a separation was carried out on the basis of the (7 ,pn) 
missing energy, as defined in appendix A.2, in order to identify the breakup 
modes in the (7 ,pn) channel. This missing energy resolution is sufficient to 
identify the (7 ,pn)d and (7 ,pn)pn modes as shown in figure 5.1
4.3  N orm alisa tion  o f  th e  D a ta
4.3.1 Corrections to  the D ata
In the course of the data analysis, one of the major steps was to extract unwanted 
events from the data. This unwanted data can be summarised in three broad cat­
egories, namely, background data, ambiguous data and events generated through 
random coincidences.
• The background data was corrected for by subtracting target-out data (suit­
ably normalised) from the target-in dataset. This background data arose 
largely from the photon beam interacting with parts of the target assembly, 
including the thin kapton walls and the heat shielding around the target. In 
addition some background radiation is produced by the microtron and by the 
beam dump at the far end of the experimental hall.
• Experimental data which was ambiguous arose from multiplexing of the TOF- 
detectors and from multiple events in the FPD. This required correction factors 
to be applied to the data to compensate for the actual photonuclear events 
which had to be discarded.
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Figure 4.5: Particle identification E,AE plot showing protons(p) and deuterons(d). 
The events to the lower left of the protons are mainly due to electrons.
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Figure 4.9: TOF detector ADC signal versus speed for TOF-side charged particles.
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• The correction of the data for random coincidences was rather complicated and 
required some examination of the relative strengths of each type of random 
coincidence before a correction could be carried out (described below).
The remainder of this section will deal with how random coincidence effects 
and ambiguous events were treated.
R an d o m  C oincidences
In the analysis of the (7 ,NN) data, a triple coincidence was required between the 
AE,AE,E array, the FPD and at least one detector in the TOF array. However it 
is possible that two of the detectors may receive correlated signals due to a single 
nuclear event while the third detector receives a signal due to a separate event 
occurring simultaneously. Such an occurrence is known as a random coincidence. 
An example of a random coincidence would be a proton and a neutron produced as 
a result of a photon, whose energy is outwith the tagged photon range, interacting 
in the target occurring simultaneously with a signal on the FPD, due to a tagged 
photon which does not interact in the target. Such events, in the text below, are 
called (pn)e events1. Since in these events the photons were untagged, they occur 
uniformly in time within the tagger TDC window. Figure 4.11 shows a TDC spectrum 
with a prompt coincidence peak sitting on top of a random background. The peak of 
events corresponding to the tagged photons was located and a suitably normalised 
sample of events on either side was subtracted from the data to correct for random 
coincidences. This subtraction was carried out because random coincidences exist 
under the prompt peak as well as in the events at either side of the peak.
1I n  t h i s  n o t a t i o n ,  t h e  t w o  t e r m s  i n  b r a c k e t s  c o r r e s p o n d  t o  t h e  s a m e  r e a c t i o n .  T h e  s y m b o l  n o t  
w i t h i n  b r a c k e t s  i s  n o t  d u e  t o  t h e  s a m e  e v e n t  b u t  a r r i v e s  a t  a b o u t  t h e  s a m e  t i m e  a s  t h e  o t h e r  tw o
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Figure 4.11: Time Distribution of a FPD TDC (schematic)
The effects of other random coincidences can be seen in figure 4.10 which 
shows four regions, labelled 1,2,3 and 4 which are designated according to their 
timing in relation to real and random events. Region 1 shows those events which 
are (epn), That is, all particles prompt. Region 2  shows e(pn) events where an 
untagged photon may produce a p-n pair which are subsequently detected. Region 
3 shows (ep)n events, where a proton and a FPD electron are prompt, but the 
neutron arrives either too early or too late to be from the same reaction. (en)p 
events lie directly above and below region 1 and as can be seen from the figure 
are not very significant. Finally region 4 contains completely random events where 
all three detector arrays receive particles from different reactions. In producing a 
(7 ,pn) or a (7 ,pp) spectrum, the data in regions 1 and 4 are added together (with 
appropriate normalisations) and the data in regions 2 and 3 are subtracted from 
this data in order to correct for random events. The reason for this will become 
apparent in the following argument.
Consider for simplicity the hypothetical situation where events are triggered 
by a beam particle, and two particles, labelled 1 and 2  are detected (see figure 4 .1 2 .
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Figure 4.12: Schematic diagram: The horizontal axis represents the timing difference 
between particle 1 and beam particle, vertical axis is timing difference between 
particle 2 and beam particle. Symbols are explained in the text.
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It is assumed here that there are no random coincidences involving an untagged 
beam particle and that the prompt and random regions are of equal size.
The symbols in the figure are defined as follows
t ++ is the set of events where both particles arrive close enough in time to the 
beam particle that they could originate from the same reaction, these are called 
(e l2)  events.
i+_ is set of events where particle 1 is prompt (with respect to FPD) but 
particle 2  arrives at a sufficiently different time that it cannot belong to the same 
reaction. These are (el)2  events.
t-+ is the set of events where 1 is at the wrong time but 2  is prompt.
(e2) l  is the set of events where particle 1 arrives too early (or too late) but 
particle 2  arrives at the correct time to be consistent with a reaction.
t  is the set of events where 1 and 2  both arrive at the wrong time, these are
(e) 1 2  events.
T++ is the set of true nuclear events. The time distribution of T++ is the same as 
that of t++ and T++ is a subset of t++. T+_ is set of events where particle 1 comes 
from the reaction produced by the tagged beam particle and particle 2  is random 
T_+ is set of events where 2 is from the reaction involving the tagged beam 
particle but 1 is random T is set of events where both particles are random
The T-sets are each mutually exclusive, similarly for the t-sets. Since the 
distributions of the events in a given rectangle in figure 4.12 may be treated as 
uniform, the following relations hold, where for any region S , n (S) is the number 
of events in S.
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n(<++) =  n (T ++) +  \ n  (T+_) +  i» (T _ +) +  (4.5)
"(<-+) =  \ n(T~+) +  Jn (T— ) (4-6)
n ( t +_) =  in ( T +. )  +  J n ( T „ )  (4.7)
»(«— ) =  ^n(T__)  (4.8)
it may be shown from the above that
n iT++) = n  (*++) +  n  (*— ) ~  n  (*-+) ~  n  (*+-) (4.9)
Thus we may calculate the number of true nuclear events, n  (T++), from the numbers
of events in the four regions t++, £+_, £_+ and t  in figure 4.12 using equation
4.9. The above argument assumes that the number of random coincidences caused 
by untagged beam particles producing correlated 1 -2  pairs is negligible. However, 
the least common type of random coincidence (see figure 4.10) was actually (en)p 
events. The axes were therefore effectively redefined so that the least common type 
of coincidence was neglected. The essential argument and method of correcting 
randoms was essentially the same, but definitions of t\ and t2 had to be modified as 
follows
If t\ is defined as FPD timing plus TOF-detector timing - trigger timing (with 
appropriate cable corrections) and t2 is defined to be trigger (AE, AE, E array) timing 
then the plots represented in figure 4.12 will correspond to t ++ as region 1, t+_ as
region 2, t_+ as region 3 and t  as region 4. With these definitions it is valid to
apply equation 4.9 to correct the data for randoms.
In figure 4.12 and in the above argument it is assumed that the prompt and 
random cuts are of equal width. However it was found to be advantageous to choose 
larger regions for t_+, £+_ and t  therefore the events in each of the four ^-regions
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had to be given weightings in inverse proportion to their physical areas on the scatter 
plot, to obtain the desired spectra.
Analysed D ata
After the calibration parameters had been evaluated, the useful data were written 
in a partially analysed, calibration-independent form to simplify the final analysis 
stages. An event was only retained if it satisfied the criteria listed in section 4.2. 
This technique was helpful because it could be used to write all of the data in a 
concise form. These calibration independent files could easily be added together, 
with a given event containing information on the photon energy, proton and neutron 
momenta, and whether or not the event was prompt with respect to the two pa­
rameters illustrated in figure 4.10. Each event was assigned a weighting determined 
by the relative size of the region in figure 4.10 in which it belonged and was also 
assigned a label to indicate whether it corresponded to (7 ,pn), (7 ,pp) or any other 
identifiable reaction.
It was possible, during an event, that more than one FPD signal was received 
within a given region of the timing distribution in figure 4.10. The actual nuclear 
event would be equally likely to correspond to either of these two FPD signals, that 
is, it is equally likely that the event was created as a result of either of the two 
photons tagged. Therefore it was necessary that such an event be treated as two 
separate events, one where the photon corresponds to the first FPD TDC in question 
and one where it corresponds to the second. The method used to achieve this was 
to rewrite the event to the analysed data file as two separate events, which were 
identical but for the photon energies. This is essentially the same as treating each 
FPD TDC as though they were of a different experiment.
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W eighting of Randoms Subtractions
In the present work it is often necessary to observe the behaviour of a particular 
physical quantity, such as the recoil momentum, or the proton angle. These param­
eters will be calculated from the events written on output files, where each event 
will be given a weighting according to whether it is real or random. The quantity 
of interest is in general a real number and may take a range of values. Thus what 
is studied is its statistical distribution. If events due to other processes interfere 
with the data, then their contributions should be subtracted from each spectrum, 
but often the subtracted events will require different weightings in the analysis from 
those of the events of interest, due to the different breadths of time windows used. 
Thus we must be clear how to perform this subtraction in the correct way paying 
particular attention to experimental errors. In the process of evaluating a spectrum, 
if n  events correspond to the i th channel in this spectrum, and the weighting of the 
j th event in this channel is then the number of counts in this channel, with its 
experimental error, will be
(S "= i“ 'j[»]) ±  \ /£ j= i( ” V[*l)2 (4-10)
The wj[i] may be positive or negative, depending on the conditions of the event, that 
is, in what region of figure 4.12 it lies. The above method is used for any spectrum 
derived from the analysed data files, such as missing energy or recoil momentum for 
example. This is the technique used to correct for random and background events 
in the present analysis. The final spectra were obtained by adding weightings, with 
the errors added in quadrature.
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Corrections for D etector Effects
Several overall corrections were made to the experimental yield to compensate for 
distortions which occurred at various stages in the analysis. The corrections are 
listed below:-
1. Events which were not recorded by the computer at the online stage:
(a) Low energy charged particles which had energies below the threshold of 
the AE,E array. These events were corrected for by Monte Carlo simula­
tions as described later.
(b) Events lost due to inefficiencies in the TOF detectors, or due to their 
thresholds. These were corrected for by Monte Carlo simulations.
(c) Events where one or both of the ejected particles missed the detectors 
altogether. These events were corrected for by Monte Carlo simulations.
(d) Events where the particle passed between two AE-strips.
fi is the correction factor for events which are lost because the charged 
particle passes between two neighbouring AE-strips. If the gaps between 
the strips are of width x =  0 .6 mm and the strips are of width y  =  2 0 cm, 
and if c =  12.5cm equals the widths of the strips at either end of the 
detector which are ignored (as in section 4.2 (3)), then the total gap is 
4a:, the total width of AE used is 5y — 2 c, and the fraction of events lost
is
4x
5 y — 2c
therefore
(4.11)
f ‘ = 1 + 5 i h - c  = 1 M Z 3  (4 -12)
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(e) Computer dead time. A correction for this effect was applied to the 
measured cross-section, / j ,  the dead-time correction, is calculated from 
the ratio
(4-13)
where X t is the total number of X-triggers and X a is the number of X- 
triggers accepted by the computer. The correction factor for events lost 
in this way was found to be 1.0096.
2. Events that were rejected at the analysis stage because of ambiguities:
(a) Events where more than one electron was detected in a given FPD section. 
These correction factors for multiple hits within a FPD section are beam 
rate dependent and were applied separately to each FPD section and for 
each group of files. The correction for the nth FPD TDC is exp(an) [77] 
where
a„ =  (r"  +  (S„ -  l ) r " ) J V »  (4.14)
where Sn is the number of electron detectors feeding into the n th FPD 
TDC (usually 8 ),
Si — 4 ,1S2 =  S3 =  ... =  S n  =  8 , S 12 = 7 (4.15)
r "  is the time difference between the beginning of the time gate (see 
figure 4.11) and the prompt peak, and r n is the time-width of the gate. 
N^(n) =   ^ is the rate per unit time per channel of the nth FPD TDC,
where tdat is the time taken to accumulate the data and Ln is the number 
of events recorded by the nth FPD TDC.
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The average corrections applied to each section (ea i ...eai2) were respec­
tively 1.019, 1.039, 1.042, 1.044, 1.046, 1.048, 1.049, 1.051, 1.056, 1.059, 
1.066 and 1.063.
(b) Events where the TOF detector array could not be demultiplexed, because 
more than one detector appeared to receive a signal. These ambiguous 
events required a correction, / m, given by
x Cl +  c2 +  c3 +  ... / N
Jm =  ---------------------  (4.16)
Cl
where cn is the number of events where n  detectors appear to register. 
The value is f m =  1.072±0.009.
3. Events that were unintentionally lost at the data reduction stage because of 
the way that the data reduction was carried out:
(a) Events that were lost in the AE,E proton region cuts because the particle 
underwent a nuclear reaction and thus produced a reduced signal in the E- 
detector [76]. However this effect was small (with an estimated correction 
factor of ~3%) and was neglected.
The neutron detector and AE,AE,E array efficiencies were not used to correct 
the data by weighting the events as in reference [19], since for events where the 
efficiency is low, and the required correction is large (i.e. low energy neutrons), 
the calculated correction is inaccurate. Instead the effect was incorporated into 
the Monte Carlo program since events whose detection efficiency is low have only 
a small impact on the pseudo data generated by the Monte Carlo simulation. The 
simulation is then compared directly with the measured spectra.
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4.3.2 T he Target Thickness M easurem ent
In order to evaluate the absolute cross-sections, it was necessary to determine the 
quantity of 4He within the photon beam. However, this was complicated by the fact 
that the liquid helium contained bubbles and the target cell windows “bowed out” 
because the target cell was set in vacuum. Due to the nonuniformity of the beam, 
and the nonuniformity of the target thickness, the effective thickness was difficult 
to estimate by direct measurement. In addition, it was uncertain exactly what 
percentage of the liquid volume was displaced by bubbles of gas. The method used 
for the target thickness measurement avoided these problems, because it calculated 
the target’s effective thickness. This was done by measuring the number of electron- 
positron pairs which were produced in the target by pair production. During a 
separate run, two thin scintillator detectors were placed downstream from the target 
to detect e~ , e+ pairs produced in the target by the tagged photon beam. The 
detector closer to the target was 1/8” thick and the other detector was 1/4” thick. 
A plot (figure 4.13) is shown of the signal in the first detector versus the signal 
in the second detector during this measurement. This plot allowed a cut on e- -e+ 
pair events (this is the cluster of events further from the origin) to be carried out 
to remove unwanted background. By doing this, unwanted signals caused by pair 
production within the detectors were eliminated. The e~-e+ yield from the target is 
proportional to the target’s effective thickness and the square of the atomic number, 
it does not give an absolute determination of the target thickness directly but this 
can be achieved by comparison with a carbon target of known thickness.
Two 12C foils of thicknesses 0.9 mm and 2.0 mm and known densities were 
alternately placed behind the target in separate runs in order to allow the inter- 
calibration to be made. The carbon strips produced additional pairs which were
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Figure 4.13: Pulse heights obtained in the target thickness measurement. The 
distribution at ~  channels 20-25 is due to electron-positron pair production in the 
target and the carbon strip behind the target.
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detected by the scintillator strips. The increase in the count rate caused by adding 
a carbon strip was compared with the yield from the target (corrected for empty 
target) in order to determine the target thickness. The 4He target thickness was 
measured[78] to be 0.284±0.004 g/cm2 for the larger target which was used for the 
lower 7 -energy range. The target for the higher photon energy data was smaller, 
but no explicit thickness measurement was made for this target.
4.4  T h e C ross-S ection  C alcu lations
In this section the calculation of cross-sections for (7 ,NN) reactions will be discussed. 
The two nucleons which are ejected will be labelled 1 and 2, where particle 1 is 
detected by the AE,AE,E array and particle 2 is detected by the TOF array.
In the following, n* is the number of target nuclei per unit area. This quantity 
is derived from the target thickness measurement (described in section 4.3.2) and 
was (4.272±0.060) x 1022 nuclei/cm2. The number of photons of energy E 7 that 
are incident on the target is <j> and y is the corresponding yield of photonuclear 
reactions within the kinematic region of interest for an idealised experiment where 
every particle is detected. The nuclear cross-section in the selected kinematic region 
is thus given by
< E-r) = ~  (4-17)
E valua tion  of th e  Y ield (y )
Equation 4.17 refers to the ideal experiment, where all of the reaction products are 
detected for every event. This formula cannot be applied directly since it is neither 
possible to detect the ejected particles at every energy nor at all possible angles.
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Therefore the experimental yield is considerably less than the reaction yield y. The 
observed yield, y \  is given by
y' = V to ijE& y  (4.18)
where /  represents corrections applied to the data for event losses resulting from a 
number of factors which are described below and iy(pi, P2)> described in section 4.5.2, 
is the probability that if particle 1 has momentum pi and particle 2  has momentum 
P 2 , then both particles are registered by the detector arrays. The response function 
of the detector arrays, 77, cannot simply be used to obtain y directly from y f because 
for most possible combinations of angles, 77 will be zero (ie. the particles are not 
detected). Thus to obtain y from y ' one must evaluate an averaged value of 77 through 
a Monte Carlo simulation. As will be shown, we can calculate the (weighted) average 
value of 77 as a function of the quantity of interest (such as the recoil momentum), and 
use this as the correction factor. If the overall Monte Carlo correction is C m c  =  
(described in section 4.5.2), then
< Ei)  = T T CM c f  (4.19)<prit
The cross-section is usually binned as a function of some quantity, a?, in which case 
Cmc  is calculated for a specific value of x instead of being averaged over all values 
of x , and
^ E y ,  x) = j L c MC( x ) f  (4.20)
^ ( E- f ^x )  is the differential cross-section with respect to x.  The factor /  is the 
correction factor for events lost due to computer dead time, multiple electron hits 
in a FPD TDC, TOF detector multiplexing, and for event losses due to protons or 
deuterons lost which pass through more than 1 proton detector E-block or AE join. 
This correction factor may be expressed as
/  =  eaf df mf,  (4.21)
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Evaluation of the Photon Flux (<j>)
The flux, <f>, is given by
4> =  etNe (4.22)
where N e is the number of electrons detected on the FPD and et is the tagging effi­
ciency, or the fraction of FPD electrons which correspond to tagged photons incident 
on the target. The tagging efficiency, taken from several measurements, was found 
to vary slightly from run to run by up to ~0.5%. The average tagging efficiency was
0.373db0.004.
In the case of events where an electron scatters in a FPD scintillator and 
fires a group of neighbouring channels in the FPD, the electron is treated in the 
analysis as though it interacts with the scintillator corresponding the the lowest 
tagged photon energy range. This somewhat arbitrarily removes the ambiguity 
regarding the photon energy but because the data is analysed section by section, it 
is possible that the electron may straddle two sections leading to double counting. 
However this latter effect was very slight and was therefore neglected.
4.5  D a ta  In terp reta tion
4.5.1 M onte Carlo Sim ulations o f D etector R esponses
The acceptances in angle and energy of the detector arrays are modelled by Monte 
Carlo (MC) techniques. In order to account for biasing of the data as a result of 
particles not being detected for all angles or all energies, it is necessary to simulate 
the event losses on the computer in order to obtain corrections. For instance, above 
threshold, the TOF detectors have an efficiency of only ~10%, for neutron detection,
CHAPTER 4. DATA AN ALYSIS 109
and this efficiency varies with neutron energy. This simulation is necessarily model 
dependent, as some theoretical model of the reaction mechanism must be used. For 
example, the quasideuteron model, using shell model single particle wavefunctions, 
or alternatively a phase space model may be used to describe the distributions of 
energies and angles of the outgoing particles.
In this Monte Carlo treatment, the following quantities are chosen at random 
from appropriate distributions:-
1. Photon energy: This is chosen at random for each event from a weighted 
distribution of photon energies. The distribution which was used was derived 
from the bremsstrahlung photon energy distribution multiplied by the absolute 
real deuteron cross-section for that photon energy.
2. Momentum of p-n pair: In the case of the QD model, the momenta of the 
two nucleons are chosen using shell model independent particle wavefunctions. 
From the momenta of the two nucleons, the momentum sum is calculated (QD 
momentum). The momenta of the beam photon and the QD are then trans­
formed into the 7  +  QD centre of mass frame. The cross-section distribution 
of the 7  +  QD reaction is taken to be the same as that of the 7  +  d reaction 
within the respective COM frames of the two reactions. For (7 ,pp) reactions 
in this model, the QD angular distribution may be used or an isotropic dis­
tribution. The predicted proton and neutron momenta from this reaction are 
then transformed back to the lab frame. In the case of the phase space model, 
the proton and neutron kinetic energies in the final state are chosen in such a 
way that all kinematically allowed combinations are equally probable.
For the QD model the Monte Carlo program used a parametrisation of the
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deuterium photodisintegration cross-section [70] and either harmonic oscillator wave­
functions or variational wavefunctions obtained using the Urbana potential [67].
The predicted momentum distribution of the QD has to be truncated at very 
high QD momenta. This is because for high QD momentum (which corresponds to 
high recoil momentum) a significant proportion of the available photon energy pro­
vides the recoil and QD energies. Above a certain QD momentum value, therefore, 
there is insufficient photon energy left to break up the QD. If this happens, then the 
MC program rejects that particular event as being not energetically possible. For 
an event to be recorded in the program, the reaction must not only be energetically 
possible but the ejected particles must have sufficient energies and be travelling in 
the right directions to be detected by the apparatus. The events detected are also 
weighted according to their detection efficiency.
4.5.2 M onte Carlo M ethod
In the following treatment 7y(pi,p 2) is the probability that if particles 1 and 2 have 
momenta p i and P2 , then particle 1 is registered by the E,AE detector and particle 
2 is registered by the TOF detector array. The value of 77 must be calculated for 
every event in the Monte Carlo simulation.
71 is given by
’/(Pi,P2) =  XL(e1,</>1)eL(T1)XR(e2^ 2 )e R(T2) (4.23)
where 0, and <j>i are the polar angles of particle i and T, is the kinetic energy of 
particle i.
fa ±\ \  1 » if detector covers the direction of the particle
»*•*>  =  \ 0 ,  otherwise
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where L refers in this case to the AE,AE,E array and R  refers to the TOF array. 
El{T\) is the probability of particle 1 being stopped by the scintillator and producing 
a pulse of light above the E,AE detector threshold. €r(T2) is the probability of 
particle 2 being stopped by the TOF array scintillator to produce a pulse of light 
above threshold.
Using MC models,
C m c  =  — (4.24)
V ( P i > P 2 )
may be estimated as a function of recoil momentum or another suitable parameter. 
This may then be used as a correction factor to the experimental data as in section 
4.4, allowing cross-sections to be determined.
M odel Predictions
The Monte Carlo program works as follows: If x is the probability that the particles 
are detected for a given event, then x is added to the channel of the spectrum under 
study. For example, if an event had recoil momentum 256 MeV/c predicted in a 
particular event and the probability of detection was 0.13 then in the simulation the 
effective number of counts in the 250-260 MeV/c bin would be increased by 0.13 .
Since the efficiencies of the TOF-detectors are normally higher for protons 
than for neutrons, it is expected that the correction factors for (7 ,pp) analysis will 
be less than for (7 ,pn) analysis. It is also expected that the overall correction factors 
will generally be lower for QD reactions than for PS reactions. This is because the 
strong angular correlation between the outgoing particles in the QD case produces a 
higher detection efficiency since the detector systems were placed roughly opposite 
one another.
C hapter 5
R esu lts
This chapter presents the results of the experiment. Measured missing energy spec­
tra, angular correlation spectra and recoil momentum spectra are presented and 
comparisons are made with predictions of various reaction models. Cross-sections 
are deduced and compared with previous measurements. Finally comparisons are 
drawn with (7 ,NN) reactions in other light nuclei.
The AE,AE,E and TOF detectors can only detect particles over limited angular 
ranges and have restricted energy acceptances. This leads to the data being biased 
and Monte Carlo simulations are used to interpret the spectra. To evaluate the 
cross-sections, correction factors were obtained from the Monte Carlo calculations.
5.1 M issin g  E nergy
The double-arm missing energy (appendix A.2) yields important information on the 
reaction in both the (7 ,pn) and (7,pp) channels. The (7 ,pn) missing energy, which 
is fully determined from the experimentally measured parameters, indicates among 
other things whether the residual nucleus is a bound deuteron, or a separate proton- 
neutron pair. Furthermore the shape of the (7 ,pn)pn channel’s contribution to the
112
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missing energy spectrum is related to the photon interaction mechanism and can in 
the case of a quasideuteron interaction be predicted from the quasideuteron (QD) 
momentum distribution, as explained in appendix A.2.1.
5.1.1 M issing Energy for th e (7 ,pn) reaction
The missing energy for the (7 ,pn) reaction is given by
E m = E ^ - T p - T n - T R (5.1)
where J57, Tp and Tn are respectively the energies of the tagged photon and 
the detected proton and neutron. Tr is the recoil kinetic energy and is calculated 
as described in appendix A.2.
An experimental (7 ,pn) missing energy spectrum is shown in figure 5.1 for 
photon energies in the range 80-131 MeV. The experimental resolution is sufficient 
to separate the (7 ,pn)d and (7 ,pn)pn events. The (7 ,pn)d reaction should give a 
single value for missing energy at E m =  26.1 MeV, smeared only by the resolution 
of the detector arrays. However the extra degree of freedom in the 4-body disinte­
gration channel allows a range of missing energies from 28.3 MeV upwards, with the 
upper limit depending on the energy available to the reaction and on the detector 
thresholds. After the MC corrections have been applied to this spectrum, the areas 
under the 3-body and 4-body breakup peaks correspond to the total cross-sections 
of the two channels.
It would appear from this figure that the three-body yield is much stronger 
than the four-body yield despite the residual particles in the three-body case being 
held together by a binding energy of only 2.2 MeV. However, in practice the detec-
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Figure 5.1: Missing energy spectrum for (7 ,pn) events:- The peak at 26.1 MeV 
corresponds to the (7 ,pn)d channel. The weak broader distribution at higher missing 
energies is due to the (7 ,pn)pn reaction. The vertical scale is arbitrary.
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tor thresholds prevent any measurement of the four body strength at the highest 
missing energies. The observed strength at lower missing energies is also truncated 
by detector effects for the lowest photon energies which were studied. This is par­
ticularly evident in figure 5.2 where the lowest photon energy range (bottom figure) 
shows little strength for missing energies above 30 MeV. Even at the highest photon 
energies where the effect of thresholds is expected to be much less important the 
4-body contribution is small compared to the 3-body contribution. However a quan­
titative assessment of the relative strengths requires a detailed consideration of the 
shape of the 4-body distribution (appendix A.2.1), and of the detector acceptances.
The spectrum of the 4He (7 ,pn) missing energy in figure 5.1 reveals a (7 ,pn)d 
peak at 26.1 MeV of width 7 MeV. This width indicates the overall energy resolution 
of the detection system. The broader distribution at higher missing energies is 
attributed to the (7 ,pn)pn reaction and appears much weaker than the (7 ,pn)d 
peak. Figure 5.3 shows this missing energy together with the d(7 ,pn) missing energy 
spectrum obtained from calibration data taken using a CD2 target, shifted, scaled 
and superimposed on the 4He three-body breakup peak. This reaction, like the 
4He (7 ,pn)d reaction, has a unique Q-value, and therefore the deuterium peak also 
reflects the experimental missing energy resolution. Since the charged particle energy 
losses in the two targets are very similar, both peaks would be expected to have the 
same width. As can be seen, the two peaks do have very similar shapes, except for 
the high missing energy tail due to the 4He four-body breakup. Both the 4He and 
2H missing energy spectra are expected to show small tails at high missing energies 
due to nuclear interactions of protons detected in the scintillator (as described in 
ref. [76]) which degrade the detected proton energy shifting events to higher missing 
energies. However a significant cancellation of this effect is expected if the deuterium 
peak shape is fitted to the 4He data in order to extract the 4-body experimental
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Figure 5.2: Experimental missing energy yields for three photon energy ranges, 
namely 115.0-131.5 MeV, 97.0-115.0 MeV and 79.5-97.0 MeV.
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yield, since the nuclear interaction contributions should be broadly similar in both 
peaks.
The difference between the two missing energy yields in figure 5.3 is shown in 
figure 5.4 and reveals the extent of the 4He (7 ,pn)pn four-body breakup strength 
(thick solid line). The reaction threshold is also shown on the graph and agrees 
well with experimental data. Figure 5.4 also shows the MC prediction for the 
quasideuteron (QD) model with simple harmonic oscillator (SHO) momentum dis­
tributions (thin solid line), and a phase space distribution (dashed line). The two 
proton absorption prediction (where the photon is assumed to be absorbed by a 
proton-proton pair) is calculated with simple harmonic oscillator wavefunctions and 
is shown as a dotted line. The MC calculations take the detector acceptances into 
account. The QD model results calculated with the variational wavefunctions of 
Schiavilla et.al. [67] (using the Urbana potential) were found to be not significantly 
different from the harmonic oscillator results. There is very little difference between 
absorption on a p-p pair and the phase space distribution. The results of absorption 
on a p-n pair, however, give a distribution which peaks at lower missing energies. 
None of the models provides a perfect fit to the data, which has an intermediate 
shape, so that no definite distinction between the models can be made.
5.1,2 M issing Energy for th e 4He (7,pp) reaction
The (7,pp) missing energy is shown in figure 5.5. This contains a single broad 
distribution of 4-body breakup events in which a correlated p-p pair is detected. 
The (7 ,pp)nn detection efficiency is an order of magnitude higher than that of the 
(7 ,pn)pn channel, but despite this, its detected strength is still much less than that 
of the (7 ,pn) reaction. The (7,pp) reaction could result from direct absorption of
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Figure 5.3: The 4He (7 ,pn) missing energy contrasted with the d(7 ,pn) missing 
energy. The thick line is the 4He missing energy spectrum. The thin line is derived 
from the deuterium missing energy peak.
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Figure 5.4: 4He(7 ,pn)pn missing energy distribution deduced from the difference 
between the 4He yield and the deuterium yield. The thick line is the experimental 
data. The thin solid line is the prediction from the QD model with SHO wavefunc­
tions. The dotted line is for absorption of the photon by p-p pairs. The dashed line 
is the PS model prediction.
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the photon by the p-p pair, from a final state interaction (FSI) following absorption 
by a p-n pair, or by 3-body absorption. As can be seen in the figure, the results are 
fairly consistent with both a QD model and a phase space (PS) model prediction, 
but do not agree with a two-proton absorption mechanism.
5.2 A ngular C orrelations and  D istr ib u tio n s
The QD model predicts that if two nucleons are ejected due to a photonuclear reac­
tion, their directions will be correlated with the nucleons leaving in approximately 
opposite directions in the centre of mass frame of the ( 7  +  a )  system. A spectrum 
of this angle is shown in figure 5.6. This spectrum was calculated as described in 
appendix C.
It is because of the positioning of the detectors that the detection system is 
primarily sensitive to events where the proton and the neutron left the nucleus “back 
to back” . The MC predictions for the opening angle in the QD and PS models are 
shown in figures 5.7 and 5.8 after detector acceptances have been taken into account. 
The MC calculations suggest that the opening angle distribution is insensitive to 
the reaction mechanism, since the predicted results for the QD model and the PS 
model appear very similar. The main reason for the similarity is probably that the 
apparatus was configured with detectors positioned at opposite sides of the target 
so as to be especially sensitive to N-N pairs coming off roughly back to back.
The proton and neutron angular distributions are shown in figures 5.9 and 
5.10. Significant forward peaking is observed in the proton angular distribution for 
(7 ,pn) events.
It is of interest to observe the experimental yield in the reference frame in
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Figure 5.5: 4He (7,pp) missing energy. The thick line is experimental data. The 
thin solid line is the prediction from the QD model with SHO wavefunctions. The 
dotted line is for the 2-proton absorption model prediction. The dashed line is for 
the PS model prediction
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Figure 5.6: Experimental distribution of 9, the opening angle between correlated 
nucleons in radians, measured in the lab frame.
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Figure 5.7: Monte Carlo predictions for the distribution in opening angle (radians), 
without the condition of particles being detected. The thick lines represent PS 
predictions and the thin lines are QD predictions.
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Figure 5.8: Monte Carlo predictions for the distribution in opening angle (radians), 
with the condition that the particles are detected. The thick lines represent PS 
predictions and the thin lines are QD predictions.
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Cos( e p ) IN LAB FRAME
F ig u re  5.9: E x p e r im e n ta l  p ro to n  an g le  s p e c tru m  fo r (7 ,p n )d  a n d  (7 p n ) p n  e v e n ts . 
H o riz o n ta l ax is is th e  cosine  o f th e  p ro to n  ang le
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Figure 5.10: Experimental neutron angle spectrum for (7 ,pn)d and (7 ,pn)pn events. 
Horizontal axis is cosine of the neutron angle.
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which the proton and the neutron leave the target in exactly opposite directions 
in the ( 7  +  QD) COM frame since it is in this frame that the QD is stationary. 
Results for the proton QD angular distribution for 4He are shown in figure 5.11. 
These results suggest that the observed forward asymmetry in figure 5.9 is largely 
due to frame transformations rather than a feature of QD absorption of photons. 
This angular distribution is now being calculated for 160  [79] and the results show 
a strong sensitivity to the reaction mechanism. As yet there are no results for 4He.
5.3  R eco il M om en tu m
The p-n angular correlation is often cited as qualitative evidence of a quasideuteron 
mechanism. However a more quantitative test is to examine the momentum distribu­
tion of the undetected recoil particle(s). If the quasideuteron hypothesis is correct, 
and the final state interactions of the outgoing nucleons are small, this distribution 
should be the same as the predicted momentum distribution of the initial nucleon 
pair within the nucleus which can be obtained from the nucleon wavefunctions in 
the initial nucleus.
5.3.1 T he (7 ,pn)d R ecoil M om entum  D istribution
Figure 5.12 shows the experimental recoil momentum distribution (thick solid line) 
for the 4He (7 ,pn)d reaction. A cut is made at 35 MeV in the missing energy 
spectrum to separate (7 ,pn)d and (7 ,pn)pn events. The experimental distribution 
is compared with MC predictions for three different reaction models, namely, QD, 
using SHO wavefunctions and variational wavefunctions, and PS predictions. The 
thin solid line in the diagram is the QD simple harmonic oscillator prediction, the 
dotted line is derived from variational wavefunctions by Schiavilla et.al. for 3-body
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Figure 5.11: The proton angle spectrum for (7 ,pn)d events in the (7 +  QD) centre-of- 
mass frame for the energy range 80-131 MeV. In this frame, the proton and neutron 
leave the nucleus in exactly opposite directions.
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breakup and the dashed line is the PS prediction. The two QD predictions fit the 
data reasonably well, but the phase space prediction fits the data poorly.
5.3.2 T he (7 ,pn)pn R ecoil M om entum  D istribution
Figure 5.13 shows the recoil momentum distribution for 4-body breakup events, 
that is, events with missing energies above 35 MeV. The thick solid line is the 
experimental data. The thin solid line is the prediction for QD absorption using 
simple harmonic oscillator wavefunctions and the dotted line is the prediction for 
two-proton absorption, using the same wavefunctions. The dashed line is the phase 
space calculation. In this spectrum, absorption on a p-n pair and the phase space 
distribution both give acceptable fits, with the model of absorption on a p-n pair 
giving a slightly better description. However absorption on a p-p pair is not consis­
tent with the data. The p-p absorption model gives a distribution which peaks at 
higher momentum values than the PS distribution. This is because in the former 
model the undetected proton receives a much larger share of the incident photon 
momentum. The results appear to discount significant absorption on p-p pairs, 
however they do not provide a clear distinction between p-n pair absorption and a 
phase space distribution. As with missing energy, the results are consistent with a 
QD mechanism but are not sensitive enough to determine which QD model gives a 
better fit.
5.3.3 T he (7,pp) R ecoil M om entum  D istribution
Figure 5.14 shows the recoil momentum distribution for the 4He (7,pp) reaction 
shown against the quasideuteron model with simple harmonic oscillator wavefunc­
tions, absorption on a correlated p-p pair and a phase space distribution. All three
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Figure 5.12: Recoil momentum spectrum for the 4He(7 ,pn)d reaction channel. The 
thick solid line is the experimental data. The thin solid line is the prediction of 
photon absorption on a correlated p-n pair, calculated with harmonic oscillator 
wavefunctions. The dotted line is the prediction of photon absorption on a correlated 
p-n pair, calculated with variational wavefunctions for 3-body breakup. The dashed 
line is the phase space prediction.
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Figure 5.13: Recoil momentum spectrum for the 4He(7 ,pn)pn reaction channel. 
The thick solid line is the experimental data. The thin solid line is the prediction 
of photon absorption on a correlated p-n pair, calculated with harmonic oscillator 
wavefunctions. The dotted line is the prediction of photon absorption on a correlated 
p-p pair with harmonic oscillator wavefunctions. The dashed line is the phase space 
prediction.
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models give a reasonable description of the data. This is due to the very strong sup­
pression of the high recoil momentum events by detector threshold effects. These are 
larger for (7,pp) than for (7 ,pn) reactions because the protons suffer energy losses 
in the air and have a higher effective threshold in the TOF detectors. This spectrum 
does not therefore help to distinguish the reaction mechanism in the 4-body breakup 
channel.
5 .4  C ross-section s
The extraction of total cross-sections for the 3- and 4-body breakup modes required 
an evaluation of the overall detection efficiencies from the Monte Carlo simulations. 
However because of the nature of the Monte Carlo simulations, the correction factors 
applied to obtain the cross-sections were necessarily model dependent.
The data from the 3-body breakup were sufficiently extensive to allow an 
evaluation of reaction cross-sections for 3 photon energy bins. Figure 5.15 [80] 
shows the total cross-section for the 4He (7 ,pn)d reaction as a function of photon 
energy assuming a quasideuteron mechanism compared with other data by Gorbunov 
et.al. [40, 41, 81] Arkatov et.al. [43, 82] and Balestra et.al. [45, 44].
The magnitudes of these cross-sections agree with earlier work for the same 
energy region, however the present measurement indicates a rising trend with in­
creasing photon energy. This trend is not reflected in previous work, however this 
could be due to difficulties in previous experiments in distinguishing between 3-body 
and 4-body breakup. The results obtained using a phase space model are unreal- 
istically high, giving values greatly in excess of any previous measurement. This 
is further confirmation that the 4He (7 ,pn)d reaction proceeds mainly by photon 
absorption on correlated p-n pairs. The results for the 4He cross-sections are shown
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Figure 5.14: Recoil momentum spectrum for the 4He (7,pp) reaction channel. The 
thick solid line is the experimental data. The thin solid line is the prediction of 
photon absorption on a correlated p-n pair, calculated with harmonic oscillator 
wavefunctions. The dotted line is the prediction of photon absorption on a correlated 
p-p pair. The dashed line is the phase space prediction.
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Figure 5.15: The measured total cross-section, derived using the QD model (solid 
circles), shown against the results from Gorbonov et.al. (triangles), Arkatov 
et.al. (squares) and Balestra et.al. (open circles), the error bars represent only 
statistical errors.
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Photon energy 
range (MeV)
Photon absorption on a 
proton-neutron pair (fib)
Phase space 
distribution (/xb)
80-97 58.6±6.0 228.5±16.3
97-115 84.6±3.4 368.0±14.6
115-131 91.9±3.0 441.6±14.3
Table 5.1: Photonuclear cross-sections for the (7 ,pn)d reaction. The errors are 
statistical only
Quantity Systematic error (%)
detector efficiencies 10.0
detector thresholds 8.5
tagging efficiency 2.9
target thickness 1.9
tagger multiplicity 0.9
TOF multiplexing correction 0.9
deadtime correction 0.2
total added in quadrature 13.6
Table 5.2: Systematic errors in the experiment.
in table 5.1 for both the quasideuteron and phase space model assumptions. The 
systematic errors are not included in the graph, but are listed in table 5.2 showing 
that the main sources of error are the result of detector effects.
For the 4-body breakup channel the average cross-section assuming quasideuteron 
absorption is 17±5 fib over the photon energy range 80-131 MeV. If absorption on 
a p-p pair is assumed, where one of the recoil neutrons is detected, this gives a 
cross-section of 30±9 /xb, although significant p-p absorption is unlikely in view of 
the missing energy and recoil momentum results. The result assuming a phase space 
distribution is 42±12 fib. The errors are necessarily much larger than for 3-body 
breakup due to poorer statistics and due to the subtraction method used to obtain 
the 4-body yields.
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The cross-section of deuterium for the (7 ,pn) reaction averaged over the photon 
energy range Ey = 80 — 131 MeV is 6S.7fib. For 4He the relation
N  Z  .
tt q D  = (5.2)
simplifies to
<t q d  =  L<t d  (5 * 3 )
Since the overall 4He (7 ,pn)d cross-section was 84.6=L3.4 in the energy range 97-115
MeV this gives a value for the Levinger parameter L of 1.23±0.05 for this channel.
If the (7 ,pn)d and (7 ,pn)pn channels are taken together this gives a Levinger 
parameter of ~1.5-1.7 depending on which mechanism is assumed for the (7 ,pn)pn 
reactions. The present measurement gives lower values for L than the 4He measure­
ments of Homma et.al. [83] and the early measurements of Barton and Smith who 
respectively obtained 4.5±0.7 and 4.2 for the total cross-section for the energy ranges 
150-280 MeV and 190-430 MeV respectively. However the data of Homma et.al. was 
taken in a much higher energy region where there is evidence that the QD mecha­
nism at least in the 4-body breakup channel no longer dominates the cross-section. 
Recent results on other light nuclei such as 12C (L =  3.78db0.23) [19] and 160  (L = 
3.3±0.6) [21] have also yielded relatively low values for L. This especially low value 
for 4He is particularly surprising since 4He has a markedly higher density than other 
nuclei, which would be expected to enhance the (7 ,pn) cross-section.
The 4-body cross-section can also be obtained from the 4He (7,pp) reaction 
and this cross-section was evaluated in a similar way to the (7 ,pn)pn cross-section. 
If absorption on a correlated p-n pair is assumed an average cross-section of 36±3 
fib, over the photon energy range 80 - 131 MeV is obtained, whereas the phase- 
space distribution gives a value of 29±2 fib. The higher value from the p-n pair 
absorption mechanism is understandable as the spectator proton always has a very
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low energy and consequently a low detection probability. It will be noted that the 
4-body breakup cross-section obtained for the 4He (7,pp) data are inconsistent with 
those obtained from the 4He (7 ,pn) measurement. One possible explanation is that 
the 4-body breakup channel proceeds by two mechanisms, partly by absorption on 
a p-n pair and partly by a more complicated mechanism for which a phase space 
description of the final state is more appropriate. A cross-section of 7.5±7.5 fib 
for absorption on a correlated p-n pair together with a phase space cross-section of 
22.5=f7.5 fib would give the correct measured yields for both the (7 ,pn) and (7,pp) 
reactions. The total cross-section obtained in this way is 30±3 fib. In this interpreta­
tion the phase space contribution dominates that of the pair absorption mechanism. 
There is existing experimental evidence [47] that the 4-body breakup cross-section 
at higher photon energies is not due entirely to absorption on correlated p-n pairs 
but possibly may have a significant contribution from absorption on p-p pairs or 
on 3-N clusters. The present results provide some evidence for the importance of 
other mechanisms but in general the results would tend to discount absorption on 
p-p pairs. The 4-body breakup cross-section value of 30 fib obtained by adding the 
phase space and pair absorption contributions is compared with previous measure­
ments [40, 41, 43, 44, 45, 46, 47, 80, 82] in figure 5.16. The previous measurements 
of Gorbunov and Arkatov et.al. are not consistent. The present result lies well 
within the range defined by these previous measurements. It is also reasonably con­
sistent with the upper limit of 26 fib obtained in reference [47] at the higher energy 
of 155 MeV, given the large error at this point. Taken together the results clearly 
establish a dip in the cross-section at around 100-200 MeV.
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Figure 5.16: The measured 4He (7 ,pn)pn total cross-section, shown against the 
results from Gorbunov et.al (triangles), Arkatov et.al (squares), Balestra 
et.al (circles) and Emura et.al (crosses).
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5.5 C om parisons w ith  O ther N u cle i
Figure 5.17 shows (7 ,pn) spectra [21] for 160  and 12C for comparison with the 4He 
results. Both spectra were obtained using the same photon energy range over which 
4He data was taken. The 160  (7 ,pn) missing energy spectrum in figure 5.17(a) has 
a broad peak corresponding to low energy excitation of the residual nucleus with a 
smaller contribution for higher energy excitations, similar to the 4He missing energy 
spectrum. A similar pattern is also observed for the 12C (7 ,pN) spectrum in figure 
5.17(b). As with the 4He missing energy spectra the detector acceptances bias the 
data through suppression of the high missing energy part of the spectrum where 
the proton and neutron energies are only marginally above the detection thresholds. 
The 12 C case mirrors the 4He missing energy spectrum insofar as a narrow peak 
of width ~7 MeV is observed at lower missing energies. This suggests a dominant 
reaction channel for 12C, corresponding in energy to the ejection of correlated p-n 
pairs, with the residual nucleus left in the ground state. However unlike 4He there 
is a significant contribution from higher excitations such as lp ls  and ls ls  p-n pairs 
being ejected. The 160  case also shows more strength from higher excitations than 
4He, however this may be due in part to the larger numbers of available final states 
in the 160  and 12C cases.
Figure 5.18 [20] shows an excitation energy spectrum for 6Li taken at the higher 
energy range 131-157 MeV. The horizontal axis is equal to the missing energy minus 
3.7 MeV, which is the binding energy of the lp lp  p-n pair. This shows significant 
contributions from lp lp  p-n emission but also from lp ls  and ls ls  excitations which 
involve disintegration of the tightly bound a-core. The ls ls  channel is analogous 
to the breakup of 4He, hence the data are expected to show some similarities to 
the photodisintegration of 4He. A missing momentum spectrum is shown in figure
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Figure 5.18: The excitation energy distribution for 6Li measured in the range 131- 
157 MeV
5.19 for the events corresponding to breakup of the a-core. Monte Carlo predictions 
for the lp ls  and lsls  channels are shown, which give a good fit to the data. The 
calculations use a harmonic oscillator parameter (3 = 0.257 fin-2, which is smaller 
than the value /? =  0.385 fin- 2  appropriate for 4He, and reflects the larger size of 
the 6Li nucleus. The proportion of lp ls  interactions was taken to be 0.5 of the ls ls  
interactions. It is seen that in the photodisintegration of the 6Li a-core the QD 
model is reasonably successful and that the reaction is dominated by absorption on 
ls ls  p-n pairs.
The (7 ,pn) recoil momentum distribution is shown for 160  in figure 5.20 [21] 
for events up to 43 MeV missing energy. This spectrum was obtained using the 
same apparatus and photon energy range as for the 4He data. Also shown on this 
graph are Monte Carlo predictions based on the quasideuteron model and on a phase 
space distribution. The quasideuteron model clearly fits the data better than the 
phase space model, giving further evidence for the dominance of the quasideuteron
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Figure 5.19: The missing momentum distribution for the lp ls  and ls ls  excitations 
in 6Li measured in the range 131-157 MeV
mechanism in light nuclei at least for low excitations.
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Figure 5.20: The recoil momentum distribution for 16O. The experimental data 
are shown (solid line) together with Monte Carlo predictions calculated using a 
quasideuteron mechanism (dashed line) and for a phase space distribution in the 
final state (dotted line).
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do, however, eliminate the possibility of a significant contribution from absorption 
of photons by correlated p-p pairs.
Consistency between the cross-sections from the (7 ,pn)pn and (7 ,pp)nn data 
is obtained if the total cross-section of 30 /xb is 75% from a mechanism resulting in 
a phase space distribution in the final state and 25% from absorption on p-n pairs.
There is a clear need to study these reactions in greater detail, and particularly 
at higher photon energies. At higher energies, the effects of detector acceptances 
will be much smaller, allowing greater experimental precision to be obtained. The 
development of new detection systems for use at the new 855 MeV microtron facil­
ity [84, 85] at Mainz should allow a better understanding of the nature of photo- 
nuclear reactions at higher missing energies and will extend the data to higher pho­
ton energies where A-excitation processes begin to contribute to the photonuclear 
cross-section. In addition, the high beam energy will allow exploration of the photo- 
nuclear cross-section over a much broader photon energy range than was possible 
with the previous facility at Mainz.
It is important for the eventual detailed understanding of the photon absorp­
tion mechanism in 4H ethat a microscopic calculation of the photon reaction channels 
can be carried out. No such calculation of (7 ,NN) reactions has yet been attempted 
for nuclei of A  > 3 , and the quasideuteron model may be less soundly based for 4He 
than for heavier nuclei. In particular, the assumption that the residual momentum 
distributions of the two spectator nucleons are the same as their average distribu­
tion in the 4He ground state is brought into question since the selection of a closely 
spaced p-n pair may effectively select an atypical part of the initial ground state 
wavefunction.
However, this work has established that in 4He, the quasideuteron model gives
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a reasonable fit to the data in the (7 ,pn)d reaction channel, and due to the excellent 
energy resolution available, has provided more accurate cross-sections for the (7 ,pn)d 
and (7 ,pn)pn channels than have been possible until now.
A ppendix  A  
M issing Energy C alculations
Two forms of missing energy were calculated in the course of this analysis, one 
applicable to the case where only one reaction product was observed, which will be 
called the single-arm missing energy, discussed in section A.I. The other is for the 
case where two particles were detected, called the double-arm missing energy, and 
this is discussed in section A.2. The single-arm missing energy was used for detector 
calibration, and the double-arm missing energy was used for reaction identification. 
The double-arm missing energy reveals information about the target nucleus as will 
be seen in section A.2 .1 .
A .l  T h e S ingle-arm  M issin g  E nergy, (7 ,p )
The primary motivation for evaluating the (7 ,p) missing energy for this analysis was 
to calibrate the E blocks of the AE,AE,E array.
The single-arm (7 ,p) missing energy is defined by
Em =  E~f — Tp — Tr  (A .l)
where 2£7 is the photon energy and Tp the energy of the detected proton. Tr  is
147
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the difference between the total energy E r  of the recoiling system and its Lorenz- 
invariant mass rriR.
i.e.
T r — E r  — TUr =  E r  — y jE ^ — p 2R  
where by considering energy and momentum,
E r =  E1 +  m a -  Tp -  m p (A.2)
and
P r  =  u i ~  P p  (A.3)
• 2 -body breakup:- If the reaction is 4He(7 ,p)t (where t is a triton 3 H), then Tr 
is the kinetic energy of the recoiling triton, and rriR its rest mass.
By conservation of energy,
ET + m a = m p + m t + Tp + Tt (A.4)
thus, using A .l, where Tr = Tt ,
Em =  m p +  — m a — 19.815 MeV (A.5)
• 3- and 4- body breakup
If the recoiling system is not a bound triton, its invariant mass will be 
greater, i.e. rriR > m t. In fact the minimum possible value of t t i r  will occur 
when t t i r  =  m n +  m j, corresponding to the (7 ,pnd) reaction, therefore 
rriR > ran +  m f, and by conservation of energy,
E^ +  m a  =  m p +  rnR +  Tp +  Tr (A.6)
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therefore
Em = m p +  m R -  m a (A.7)
therefore
Em > m p + m n -\-md -  m a (A.8 )
or
Em > 26.1 MeV (A.9)
A spectrum of Em will produce a distinct peak corresponding to mR = m t and 
a broad distribution of events for mR > m n +  m d.
This measurement was studied in detail in reference [13] but for the present 
work was used only for calibration purposes. Since its measurement requires the 
detection of just the proton and a tagged photon signal, a large number of events 
can be obtained for only a small part of the data. The mR =  m t peak can therefore 
provide a good calibration of the proton detector.
The AE, AE, E array was first calibrated using the D(7 ,p)n reaction to obtain 
an approximate dependence of scintillator detector response with proton energy. 
The 4He(7 ,p)t reaction was used to make small adjustments to this to take account 
of drifts in the PMT response. The missing energy spectrum for 4He was measured 
for each of the relevant data files and the calibration parameters were adjusted until 
a sharp peak at Em ~  19.815 MeV was obtained.
It is the value of Tp that is measured by the AE, AE, E array once it has been 
calibrated. It can be shown that Tp can be calculated for the two body peak from 
the proton angle and photon energy alone. This is done as follows...
By conservation of momentum and energy,
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w =  pp +  Pi (A.10)
and
uj +  Tna — Ep -f Et (A.1 1 )
thus
m] =  £ (2 -  p] (A.12)
771■J =  (a; +  m a -  Epf  -  (a? -  p p) 2 (A. 13)
m 2 =  (a; +  77ia ) 2 — 2 Ep (a; +  m a) +  fn2 — J 2 — 2w \ p  \ cos 6 (A. 14)
or
/  +  dEp + h \ p  \= 0 (A.15)
where
f  — (uj + m a)2 -f 77ip -  a;2 -  m] (A.16)
and
g = 2(u + m a) (A.17)
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and
h — —2uj cos $ (A.18)
writing Ep  =  yjrri* -j- p£ it follows that
leading to
and
Tp = —m p +  \Jm p +  PI  (A.21)
Note that there is only one solution to equation A.19 since the other root is 
non-physical.
A .2 T h e D ou b le-arm  M issin g  E n ergy
If a photon of momentum p7 interacts with an 4He nucleus to produce a proton 
and a neutron, which are both detected, then the momentum p/j of the recoiling 
system is given by
P ii =  P-» -  P p -  P » (A.22)
where pp and p„ are the momenta of the detected proton and neutron respectively.
The total energy E r  of the recoiling system is calculated from
E r = E-f + m a — Tp -  m p — Tn — m n (A.23)
(92 -  h2)p2p -  2  fhpp  +  (g2m 2p -  f 2) =  0 (A.19)
Pp =
f h  +  g ^ h 2m?p +  f 2 -  g2m
g2 -  h2 (A.2 0 )
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where m a is the a-particle rest mass, m p and m„ are the proton and neutron rest 
masses and Tp and Tn their kinetic energies. The Lorenz-invariant mass of the 
recoiling system is
rriR =  \JE ^ — pjj (A.24)
the quantity Tr is defined by
Tr  = E r -  mR (A.25)
The double-arm (7 ,pn) missing energy is defined in an analogous way to the 
single-arm missing energy of equation A .l, by
Em = E1 — Tp — Tn — Tr (A.26)
or equivalently,
Em — Trip - \-  m n -f- t t i r  — m a (A.27)
The (7 ,pn)d Channel
In the case of the 3-body breakup, (7 ,pn)d,
E r =  Td +  rrid (A.28)
where Td is the deuteron kinetic energy and its rest mass. From equations 
A.23, A.26 and A.28, one gets
Em =  Trip -f m n +  md — m a = 26.1 MeV (A.29)
The (7 ,pn)pn Channel
In the case of the (7 ,pn)pn reaction, the Lorenz-invariant mass mR of the recoil 
system is at least the sum of the rest mass energies of its components,
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i.e.
m r  >  m p +  m„ (A.30)
so that from A.23, A.25 and A.26 one obtains
Em > 277ip +  2m n — m a — 28.3MeV (A.31)
The maximum missing energy occurs when Tp and Tn are minimal. Suppose then
that
Tp =  T„ =  0 (A.32)
using equations A.2 2 , A.23, A.26 and A.27,
Em =  yJ(E~, + e - T p -  Tn)2 -  (p 7 -  P p  -  P „ ) 2 -  e (A.33)
where
e =  m a — m p — m n (A.34)
Therefore the maximum theoretical value of missing energy is
EZ" = v/(fi7 + <02 -  (Pt -  0)2 -  e = y/2eR, + e2 -  « (A.35)
M easurem ent o f M issing Energy
The missing energy is calculated from the experimental data using equation A.33 
which expresses the missing energy in terms of observable parameters, where Tp 
and P p  are derived from the ADC signals in the AE,AE,E array, Tn and p n are 
calculated from the flight-time of the other detected particle using the TOF array 
and p 7 is the photon momentum.
The missing energy reveals the Lorenz-invariant mass of the recoiling system, and 
therefore indicates whether this is a bound deuteron or a free p-n pair.
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A.2.1 T he Q uasideuteron M odel Prediction  for M issing  
Energy
The missing energy spectrum for (7 ,pn) events consists of a peak for (7 ,pn)d 
events and a distribution of (7 ,pn)pn events. If the fraction of (7 ,pn) events which 
undergo 4-body breakup is /3, then the missing energy distribution may be 
represented by
Q(Em) = ( 1  -  /3)S(Em -  Q3) +  Pii{Em -  Q4) (A.36)
where Q3 =  m p +  m n +  — m a and Q4 — 2mp -f 2m n — m a and where S is the
Dirac delta function. In practice it is smeared by the experimental resolution. The 
function fi is related to the energy available to the two undetected particles in 
their COM frame. It will be shown that \l can be derived from the quasideuteron 
momentum distribution.
The (7 ,pn)pn channel will produce a theoretical distribution of missing energies 
ranging from (2m p +  2m„ — m a), or 28.3 MeV up to yj2E^e +  e2 — e, where e is 
given in equation A.34. However the highest observed missing energies will in 
practice be determined by the detector thresholds. The response function of the 
detection system will be correlated with Em, and will be highest for low missing 
energies and zero for the highest missing energies. The experimental yield for 
missing energy may be corrected for using a Monte Carlo correction to the data, 
but a truncation is necessary for the highest missing energies.
Let pp and p„ denote the momenta of the two detected nucleons and let pj, and pjj 
denote the momenta of the other two nucleons.
Let
Prec =  Pp + P!, (A.37)
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and
Puff =  Pp -  pj. (A.38)
then the kinetic energy of the two recoil nucleons in their COM frame is
E a  :  £ ( b ^ )2 (a -39)
4mjv
where mpi is the nucleon mass. Statistically, the rms value of pdiff is given by
<p dig) = ((p^ -  p ^ )2)
= {(p; + p; ) 2> - 4(p; - p'„> (a -4°)
=  (Prec) -  HPp-Pn)
The second term is zero if the momenta of the spectator nucleons are uncorrelated, 
thus
(Pliff) =  (p L ) (A.41)
Thus the rms momenta are the same for any nucleon momentum distributions that 
are isotropic. Thus if their rms values are the same for any isotropic distribution 
then for a given isotropic distribution of nucleon momenta, the pdiff and pnc 
distributions must be the same. Therefore the distribution of Pdiff is the same as 
the distribution of the recoil momentum. Thus if the recoil momentum distribution 
is given by a function x> where x(Prec) dprec the probability of the recoil 
momentum lying between p rec and (p rec +  dprec) then x  (Pdiff) is the probability 
of the momentum difference lying between Pdiff and {jPdiff +  ^Pdiff^j- K p (Ea ) dEa 
is the probability that the available energy is between E a and (Ea +  d ^ )  then
p (Ea ) dEa =  X (Pdiff) ^Pdiff (A.42)
where E A =
2pdiBdpdig = x  (Pdiff) Apdig (A.43)' ( & )
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Figure A.l: Theoretical shape of 4-body part of missing energy spectrum 
therefore
/if e ) S =x(pjijr) (A -44)
or
h (Ea ) =  yfrriN/EA-X (A.45)
or
p {Ea ) =  4771tv\J'm>NEa • E  (2\Jm NEA^J (A.46)
since P 2F  (P ) =  x(^)> where F  is the function described in section 2.2.2. Thus 
the missing energy distribution may be derived from the F  (P) distribution once 
the detector efficiencies have been allowed for. It must be noted, however, that 
because of the nature of this derivation, this may only be used to obtain the 
spectral shape. It is not possible to use these formula for a Monte Carlo 
calculation to determine the values of p rec and Pdiff for individual events.
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The formula above should in theory reproduce the shape of the missing energy 
spectra. For example, if a simple harmonic oscillator wavefunction is used,
F ( P ) oc e~p,/20 (A.47)
then neglecting detector effects the shape of the 4-body part of the missing energy 
spectrum should resemble figure A.I.
A ppendix  B 
Energy Loss Corrections
During the beam-on time, protons and deuterons are detected by both the AE,AE,E 
telescope and the TOF detectors. The energies of these particles are degraded 
through electromagnetic interactions (mostly ionisation) as they pass through the 
target material, the target walls, the detector scintillator and shielding, and the air 
in the laboratory. These losses are corrected for in the analysis.
The range R  (m) of a charged particle of kinetic energy E  (MeV) in a given 
material can be approximated by a relation of the form
R  = cxE c' (B .l)
for constants cx and c2 . These constants depend on the stopping material and on 
the mass and charge of the particle. The values of cx and C2 vary slightly with E , 
and therefore in the data analysis, different sets of constants are used for different 
energy ranges. The data analysis concerns particles which lose only part of their 
energy, and it is necessary to determine their initial energies. If a particle of energy 
Ei after passing through a material of thickness P , has energy E f , and if the 
particle range for the first energy is i 2,-, then the range for the second energy is
158
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Ri — P , where
Ri = ClEiC7 (B.2)
and
Ri — P  — c iE f02 (B.3)
Subtracting the second equation from the first, one gets
P = Cl (E ?  -  E f )  (B.4)
which may be rearranged to give
E, = (E ?  + (B.5)
Typical values for protons in NE102A scintillator are c\ ~  0.0024g/cm2, c2 ~  1.78.
This equation is implemented in the computer software for the data analysis, the
parameters were calculated as a function of energy from proton ranges, available in 
tables in reference [8 6 ].
A ppendix C 
O pening A ngle
The relations given in this appendix are elementary. They are generally available 
in standard textbooks but are included here to illustrate how certain parts of the 
analysis are carried out.
The centre of mass (COM) opening angle between the outgoing particles is 
calculated in the COM frame of the photon-helium system. As the helium nucleus
is stationary in the laboratory, and the photon has momentum uj, this COM frame
is travelling with velocity c/3 relative to the lab, where (3 is given by
0 = zrrrrri (c.i)m a+  | a? |
where m a is the rest mass of the alpha particle, and c is the speed of light in 
vacuum. In general, if a frame is moving with velocity c/3 with respect to the 
laboratory, and a particle has momentum P  in the lab and velocity P ' in this new 
frame, then the following transformations hold [8 8 ]:-
£ ' =  7 ( £ - / 3 . P )  (C.2 )
160
APPENDIX C. OPENING ANGLE 161
P '  =  P  + P  ( ^ l )  ^-P -  (°-3)
where 7  is defined by
7 =  - r = s  (° -4)V I - / 3 2
The opening angle, 6, is given by
< ° - s >
Using the above set of equations, the momenta of the outgoing particles may be 
transformed to this new frame, and the angle between them may be evaluated 
event by event both in the laboratory frame and in the (a  +  7 ) COM frame.
The above transformations were also used to put the centre of mass momenta of 
the particles in the Monte Carlo into the lab frame.
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